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PREFACE 

The  electrical  properties  of  gases  have  formed  the  snbjecta 

^  of  many  theoretical  and  experimental  researches  since 
Rontgen  and  Becqaerel  discovered  the  rays  which  render 

'  the  gaaes  condactora  of  electricity.  These  discoveries  pro- 
vided a  means  of  studying  the  conductivity  obtained  with 
small  electric  forces,  and  the  researches  have  led  to  satis- 

'  factory  theories  of  many  of  the  phenomena  connected  with 
electric  discharges.    The  nature  of  the  rays  has  also  been 

'  studied  and  the  remarkable  physical  properties  of  the 
various  types  of  rays  have  been  clearly  defined.  At  the 
same  time  new  investigations  were  made  of  the  cathode 
rays  which  give  rise  to  B&ntgen  rays  when  they  collide 
with  solid  objects  and  thus  form  a  connecting  link  between 
the  currents  in  gases  and  the  penetrating  rays  emitted  by 

'  radio-active  substances.    Wichert,  in  1897,  made  the  im- 

'  portant  discovery  that  the  charged  particles  which  compose 
the  cathode  rays  move  with  a  velocity  about  one-tenth  of 
the  velocity  of  light,  and  that  the  mass  associated  with  the 

>  atomic  charge  was  about  one  two-thousandth  part  of  the 
mass  of  an  atom  of  hydrogen.  The  essential  difference 
between  the  electrons  and  the  positive  iona  was  thus 
ascertained. 

'  These  fundamental  discoveries  having  attracted  the 
attention  of  many  physicists,  numerous  researches  were 
.made  which  have  added  to  our  knowledge  of  molecular 
physics,  and  during  the  course  of  the  experimental  work 
several  books  have  been  written  giving  accotmts  of  the 
progress  that  has  been  made  irom  time  to  time.  The  best- 
known  treatises  are  those  by  Sir  J.  J.  Thomson  and  the 
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IT  PREFACE 

collection  of  original  reaearches,  '  Ions,  filectrona,  and  Cor- 
pusculea,'  published  by  H.  Abraham  and  P.  Langevin. 

These  branches  of  electrical  science  have  increiised  so 
mach  in  recent  years  that  it  has  become  impossible  to  give 
a  complete  description  of  the  principal  researches  in  one 
or  two  ordinary  volumes.  About  three  years  ago,  on  the 
suggestion  of  Professor  Marx,  several  physicists  co-operated 
in  bringing  ont  a  treatise  in  six  volumes  dealing  with  the  ^ 
electrical  properties  of  gases  and  the  aabject  of  radiation 
in  general,  -4 

This  volume  contains  my  contribatiou  to  the  treatise  and   , 
is  limited  to  a  description  of  the  conductivity  obtained  in 
gases  at  ordinary  temperatures  and  at  pressures  ranging  • 
from  atmoapherio  pressure  to  pressures  of  the  order  of  one 
millimetre  in  which  the  discharges  may  be  explained  by   ' 
the  theory  of  ionization  by  collision.    I  have  also  given 
a  brief  description  of  the  principal  experiments  on  cathode    ' 
rays  and  positive  raya  obtained  in  high  vacua,  as  the  results 
are  of  importance  in  connection  with  the  general  theory 
of  electrical  oonductivity. 

I  have  been  unable  to  find  space  to  give  complete 
accoauta  of  many  interesting  investigations,  and  studeutn 
who  wish  for  farther  information  are  recommended  to 
consult  the  original  memoirs  to  which  I  have  referred. 

While  I  have  been  engaged  in  tiiis  work  I  have  received 
many  valuable  suggestions  from  Mr.  F.  B.  Pidduck,  and 
my  beat  thanks  are  due  to  him  for  his  assistance  and  also 
for  having  corrected  the  proofs. 

J.  S.  TOWNSEND. 
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CHAPTER  I 

INTBODUCrriON 

1.  Qa8«8  as  inBUlators.  Under  ordinary  conditiotu  all 
gases  may  be  considered  to  be  good  insulators :  that  ia, 
insulated  charged  bodies  surroanded  by  a  gas  retain  some 
of  their  charge  for  a  considerable  time.  Gases  are  not, 
however,  perfect  insulators,  for  the  rate  at  which  a  charged 
body  tends  to  lose  its  charge  is  greater  than  the  small  leak 
along  the  insulating  supports.  Also  the  conductivity  gives 
rise  to  a  very  small  current  between  two  electrodes  in 
a  gas  even  when  the  electromotive  force  between  them  is 
only  a  fraction  of  a  volt.  The  currents  thus  obtained  can 
only  be  measured  by  very  sensitive  apparatus,  and  they  are 
so  small  that  they  may  be  neglected  in  comparison  with 
the  corrents  that  can  be  obtained  by  passing  Hontgen  rays 
or  Becquerel  rays  through  the  gas.  Currents  of  the  same 
order  may  also  be  sent  through  a  gas  by  allowing  ultra- 
violet light  to  fall  on  a  negatively  chai^ged  metal  sur&ce, 
and  it  has  also  been  found  that  a  gas  in  the  neighbourhood 
of  a  flame  or  an  incandescent  metal  is  a  comparatively  good 
conductor.  In  all  these  cases  the  conductivity  can  be 
explained  on  the  hypothesis  that  electricity  is  atomic  in  its 
nature ;  and  that  it  ia  carried  through  the  gas  by  small 
charged  particles  which  move  under  electric  forces  towards 
the  electrodes.    These  particles  are  called  ions. 

a.  Cnrrentfl  in  gases  ioniEed  by  rars-  The  simplest 
example  of  an  experimental  investigation  illustrating  many 
of  the  properties  of  the  ions  is  the  determination  of  the 
currents  between  two  electrodes  in  a  gas  when  different 
electric  forces  are  used.  To  fix  ideas  it  will  be  supposed 
that  the  conductivity  is  produced  by  a  beam  of  It5ntgen 
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rays  passing  between  two  parallel -plate  electrodes,  one 
electrode  being  insulated  and  connected  to  the  insulated 
quadrants  of  an  electrometer,  and  the  other  connected  to 
a  battery  of  cells.  The  potential  difference  between  the 
plates  may  thus  be  adjusted  to  any  required  value,  and  the 
corresponding  cnrrent  can  be  measured  either  by  observing 
the  electrometer  deflections  or  by  means  of  a  compensating 
arrangement  such  as  an  electrostatic  induction  balance. 


The  results  of  the  experiments  may  be  represented  graphi- 
cally, and  the  connection  between  the  current  and  the 
electric  force  is  found  to  be  given  by  a  curve  similar  to  that 
shown  in  figure  1. 

The  exact  form  of  the  curve  depends  on  the  conditions 
under  which  the  experiments  are  made,  such  as  the  pressure 
of  the  gas  and  the  initial  distribution  of  the  ions,  but  the 
curves  are  all  of  the  same  type  (except  under  special  con- 
ditions when  the  pressure  is  very  low)  and  have  in  common 
the  following  distinguishing  features.  The  curve  consists 
of  three  distinct  portions.  In  the  firat  stage  the  current 
increases  with  the  electric  force  up  to  a  certain  point  A,  in 
the  second  stage  from  A  to  B  the  current  remains  constant 
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for  a  range  of  forces  between  OA'  and  OB",  and  in  the  third 
stage  the  current  increases  rapidly  with  the  electric  force. 
The  current  AA'  or  SB'  is  osually  referred  to  as  the 
saturation  current.  It  may  be  asefhl  to  give  here  a  pre- 
liminary outline  of  the  properties  of  the  ions  which  are 
called  into  play  under  different  conditions  corresponding 
to  points  on  the  curve,  and  to  show  how  to  account  for  the 
nature  of  the  conductivity  which  is  produced  in  gases. 

When  the  rays  pass  through  the  gas  a  certain  number  ' 
of  positive  and  negative  ions  are  produced  from  the  mole- 
cules of  the  gas.  As  the  ions  are  small  particles  thej 
acquire  a  velocity  of  agitation  by  their  collisions  with  the 
molecules  of  the  gas,  so  that  they  are  continually  moving 
about  even  when  no  electric  force  ia  acting.  The  meau 
kinetic  energy  of  this  motion  of  the  ions  is  equal  to  the 
mean  kinetic  energy  of  an  equal  number  of  molecules 
of  the  gas.  Owing  to  the  motion  of  agitation  the  ions 
of  one  sign  come  within  the  field  of  force  of  the  ions  of 
opposite  sign,  when  they  are  attracted  to  each  other  and 
recombine  to  form  a  neutral  body  which  does  not  move 
under  an  electric  force.  Also  as  the  ions  move  about,  by 
the  ordinary  process  of  diffusion,  they  come  into  contact 
with  the  electrodes,  or  with  the  boundary  of  the  vessel 
in  which  the  gas  is  contained,  and  become  discharged :  that 
is,  they  do  not  return  to  the  gaa  as  charged  bodies. 

When  an  electric  force  is  acting  the  ions  acquire  a  mean 
velocity  along  the  lines  of  force,  which  is  small  compared 
with  the  velocity  of  agitation  when  the  forces  correspond 
to  the  portion  OA  of  the  current-electric-force  curve. 
When  the  ions  are  generated  in  an  electric  field,  therefore, 
the  positive  ions  move  towards  the  negative  electrode  and 
the  negative  ions  towards  the  positive  electrode,  and  the  gas 
is  said  to  conduct  electricity. 

8.  EfEtaot  of  reoombination  and  diffoflion.     There  are  thus 
three  processes  taking  place  which  cause  ihe  ions  to  dis- 
appear:  recombination,   diffusion    to   the    sides,  and    the 
motion  of  the  ions  towards  the  electrodes  under  the  electric 
B  2 
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force  which  constitutes  the  current  in  the  gas.  It  can  be 
seen  that  the  connection  between  the  current  and  the 
electric  force  over  the  part  OAB  of  the  current- electric-force 
curve  may  be  explained  by  taking  these  effects  into  con- 
sideration. The  saturation  current  AA'  corresponds  to  the 
total  number  of  iona  produced  per  second  by  the  rays.  When 
the  electric  force  ia  sufficiently  great  (exceeding  OA')  the 
iona  move  quickly  towards  the  electrodes,  and  the  length 
of  time  they  are  in  the  gas  is  ao  small  that  only  an 
inappreciable  number  are  lost  by  recombinatioQ  or  diffusion. 
Practically  all  the  iona  that  are  being  generated  by  the  rays 
are  collected  on  the  electrodea  for  forces  larger  than  OA', 
and  the  current  has  a  maximum  value  corresponding  to  the 
number  of  iona  generated  per  aecond  by  the  rays. 

When  lower  forces  are  used  the  ions  are  in  the  gas  for 
a  longer  time  and  the  number  per  cubic  centimetre  at  any 
point  increases.  Thia  accelerates  the  prooeas  of  recombina- 
tion, so  that  although  ions  are  produced  at  a  constant  .rate 
by  the  rays  the  proportion  that  reaches  the  electrodes 
diminiahea  as  the  force  is  reduced,  and  currents  corre- 
aponding  to  the  portion  OA  of  the  curve  are  obtained.  In 
some  cases  the  loss  of  iona  by  diffusion  is  greater  than  that 
arising  from  recombination.  Thus  with  ultra-violet  light, 
where  the  conductivity  is  due  to  the  escape  of  negative  ions 
from  the  surface  on  which  the  light  falls,  there  is  no 
recombination  aa  there  are  only  negative  iona  passing 
through  the  gas.  In  thia  case  some  of  the  iona  set  free 
from  the  negative  electrode  diffuse  back  and  are  diacharged 
by  that  electrode.  When  the  force  is  email  a  considerable 
number  are  lost  in  this  way,  and  the  saturation  current  is 
not  attained  until  the  electric  force  is  sufficient  to  make  all 
the  ions  move  with  such  velocity  that  only  an  inappreciable 
number  of  them  come  into  -contact  with  the  negative 
electrode  afler  they  have  been  set  free.  Several  investiga- 
tions have  been  made  to  determine  the  conductivity  under 
various  couditiona,  and  it  can  be  shown  that  the  experi- 
mental results  are  in  good  agreement  with  the  theories  that 
have  been  suggested. 
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The  principal  properties  of  the  ions  which  account  for 
the  nature  of  the  condactivity  obtained  with  small  forces 
have  also  been  made  the  subject  of  special  researches,  and 
direct  measurements  have  been  made  of  the  rate  of  recom- 
bination, the  velocity  under  an  electric  force,  the  rate  of 
diffoaion,  the  charge  on  the  ion,  and  the  relation  between 
the  charges  on  the  ions  in  gases  and  liquids. 

4.  Ionization  by  oollisiona.  As  regards  the  third  stage 
of  the  current-electric-force  curve,  it  can  be  shown  that 
the  increase  in  the  current  is  due  to  new  ions  generated  in 
the  gas  by  the  motion  of  thpse  produced  initially  by  the 
rays.  At  firat  the  new  ions  are  produced  by  the  collisions 
of  negative  ioua  with  molecules  of  the  gas,  and  as  the  force 
increases  and  approaches  the  value  required  to  produce 
a  spark  the  positive  ions  also  acquire  the  property  of 
generating  others  by  collisions.  These  effects  are  most 
conveniently  obtained  in  gases  at  low  pressures  (of  the 
order  of  a  hundredth  of  an  atmosphere),  since  sufficiently 
high  velocities  of  the  negative  ions  can  then  be  obtained 
■with  potentials  of  about  50  volts  when  the  electrodes  are 
a  few  millimetres  apart. 

5.  Ions  generated  in  disoharges.  In  addition  to  the 
ionization  produced  by  collisions,  ionization  is  also  pro- 
duced by  the  Bontgen  rays  that  are  generated  when  the 
negative  ions  impinge  on  the  positive  electrode  with  a  high 
velocity.  The  penetrating  power  of  these  rays  depends  on 
the  pressure  of  the  gas,  and  in  order  to  observe  their  effects 
outside  the  vessel  containing  the  gas  it  is  necessary  to  have 
very  high  exhanstion.  The  penetrating  power  diminishes 
as  the  pressure  increases,  and  for  some  small  pressures  rays 
are  produced  which  ionize  the  gas  in  the  neighbourhood  of 
the  positive  electrode,  but  are  not  sufficiently  penetrating 
to  be  observed  outside.  There  are  thus  several  processes  of 
ionization  coming  into  play  as  the  pressure  is  reduced,  and 
it  becomes  difficult  to  explain  accurately  the  currents 
obtained  at  very  low  pressures,  "When  the  gas  is  not  too 
highly  exhausted  it  is  possible  to  arrange  comparatively  ' 
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Bimple  experiments  to  measure  the  increase  of  conductivity 
by  collision  for  potentials  less  than  the  sparking  potential. 

Results  have  thus  been  obtained  which  supply  sufQoieut 
data  to  form  a  theory  of  some  of  the  phenomena  that  take 
place  when  sparking  occurs  in  a  gas  and  currents  are 
maintained  without  the  aid  of  external  rays.  Onrrents  of 
the  latter  kind  will  be  referred  to  as  discharges,  which 
may  be  continuous,  as  when  a  constant  high  potential  is 
maintained  between  the  electrodes  by  a  battery  of  cells, 
or  the  discharge  may  be  in  the  form  of  a  spark  of  short 
duration,  as  when  the  potential  is  obtained  from  an  induc- 
tion coil.  The  phenomena  connected  with  the  various 
kinds  of  discharge  are  complicated,  and  they  present  many 
interesting  problems  for  which  some  more  or  less  complete 
solutions  have  been  suggested. 

The  passage  of  an  electric  current  through  a  gas  is 
frequently  accompanied  by  chemical  effects,  as  for  instance 
the  formation  of  water  vapoor  by  a  discharge  through 
a  mixture  of  oxygen  and  hydrogen.  The  action  of  the 
current  in  promoting  the  formation  or  the  disintegration 
of  molecules  is  of  particular  interest  and  importance.  In 
many  cases  the  phenomena  have  not  been  fully  investigated 
and  the  actions  that  take  place  have  not  been  satisfactorily 
explained.  Possibly  when  more  systematic  quantitative 
investigations  are  made  of  some  of  the  typical  chemical 
actions  the  knowledge  which  will  be  gained  may  throw 
some  light  on  the  formation  of  molecules. 

6.  Negative  ions  and  electrons.  It  may  be  of  advantage 
to  call  attention  here  to  the  properties  of  the  ions  that  have 
been  determined  with  some  degree  of  accuracy.  The  most 
striking  result  perhaps  is  one  in  connection  with  negative 
ions,  and  it  establishes  the  theory  of  the  atomic  nature 
of  electricity,  as  far  as  gases  are  concerned,  when  the 
elementary  charges  are  obtained  by  various  processes. 

The  experiments  show  that  the  negative  ions  produced 
in  difierent  gases  by  the  action  of  rays  or  by  collisions,  and 
the  negative  ions  set  free  by  ultra-violet  light  from  metal 
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surfaces,  all  have  the  same  atomic  charge.  This  charge  is 
the  same  as  the  charge  on  a  univalent  ion  in  a  liquid 
electrolyte.  Investigations  at  different  pressures  of  the  gas 
Kave  not  revealed  any  alteration  in  the  charge  on  negative 
ions,  but  the  apparent  mass  of  the  ion  undergoes  consider- 
able changes.  The  mass  seems  to  increase  when  the  motion 
bf  the  ion  is  slow :  that  is,  when  the  ratio  of  the  electric 
force  to  the  pressure  of  the  gas  is  small.  This  is  due 
to  the  formation  of  a  somewhat  unstable  group  of  neutral 
tnolecnles  round  the  ion  which  adds  to  its  apparent  mass, 
tt  can^'be  shown  that  some  molecules,  such  as  those  of 
Vater  vapour,  have  a  greater  tendency  of  collecting  round 
tin  ion  than  others,  so  that  the  apparent  mass  of  the  ion 
depends  on  various  circumstances. 

When  the  pressure  of  the  gas  is  low  and  the  electric 
force  increased,  the  ions  move  about  more  quickly  in  the 
gas  and  collide  with  increased  velocity  with  the  molecules. 
^This  has  the  effect  of  preventing  the  formation  of  unstable 
groups  round  the  negative  ions,  so  that  they  travel  freely  as 
bodies  whose  masses  are  all  the  same,  and  are  small  com- 
'pared  with  the  molecules  of  hydrogen.  The  negative  ions 
may  then  be  said  to  be  in  the  electronic  state,  and  it  will 
be  seen  that  after  further  increases  are  made  in  the  ratio 
of  the  electric  force  to  the  pressure  of  the  gas  the  electrons 
begin  to  produce  other  ions  by  collisions  with  the 
molecules. 

7.  FositiTe  ions.  With  regard  to  the  positive  ions,  the 
charge  is  in  most  cases  exactly  the  same  as  that  of  the 
negative  ions,  but  there  is  evidence  to  show  that,  under 
certain  ciroumstauoes  depending  on  the  nature  of  the  rays 
that  produce  them,  positive  ions  with  double  charges  are 
generated.  Positive  ions  also  form  groups  of  molecules 
round  them,  bat  the  mass  definitely  associated  with  each  is 
of  the  same  order  as  the  masses  of  the  atoms.  It  is  difficult 
to  compare  the  real  masses  of  the  positive  ions  in  different 
gases.  All  that  the  experiments  show  is  that  one  or 
possibly  two  electrons,  or  negative  ions  with  small  masses, 
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are  separated  from  a  molecule  when  it  is  ionized.  The 
remaiuder  of  the  molecule  or  some  part  of  it  forms  the 
positive  ion.  Experiments  on  the  chemical  effects  that 
take  place  when  a  current  is  passing  through  a  gas  show 
that  when  ions  collide  with  molecules  with  certain  velocities 
they  dissociate  them  into  their  constituent  atoms.  Thus  in 
the  formation  of  water  vapour  the  simplest  explanation 
of  tiie  actions  that  take  place  is  based  on  the  hypothesis 
that  oxygen  molecules  are  divided  into  atoms  when  nega- 
tive ions  collide  with  them  with  sufficient  velocity,  and 
that  the  hydrogen  molecules  combine  subsequently  with 
the  atoms  of  oxygen.  Thus  it  is  quite  possible  that  when 
the  velocity  of  the  negative  ions  is  sufficiently  great  to 
ionize  a  molecule  by  detaching  from  it  a  negative  ion 
of  electronic  dimensions,  other  changes  are  also  produced 
in  the  molecule,  such  as  dividing  it  into  atoms.  Much 
of  the  uncertainty  that  exists  with  regard  to  positive  ions 
will  no  doubt  be  removed  by  the  researches  which  are 
being  made  on  the  properties  of  positive  rays. 
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CHAPTER  II 

THE  METHODS  OF  PRODUCING  IONS  IN  GASES 

8.  Ions  generated  by  rays.  Mass  associated  with  elemen- 
tary charge.  In  describing  the  nstore  of  the  conductivity 
of  gaees  it  is  desirable  to  deal  first  with  the  currents 
obtained  with  electromotive  forces  that  are  amoll  com- 
pared with  the  sparking  potentials,  so  that  the  phenomena 
will  not  be  complicated  by  the  process  of  ionization  by 
collision.  Even  when  the  difEerence  of  potential  between 
the  electrodes  in  a  gas  is  of  the  order  of  a  volt,  com- 
paratively large  currents  may  be  obtained  by  various 
methods,  and  the  gas  is  temporarily  transformed  from  the 
state  of  an  insulator  to  that  of  a  conductor.  The  ions 
generated  by  all  these  methods  have  one  property  in 
common :  that  is,  the  charge  on  any  ion  is  either  equal  to 
or  an  exact  multiple  of  the  atomic  charge  associated  with 
a  univalent  ion  in  a  liquid  electrolyte.  All  the  negative 
ions  have  one  atomic  charge,  and  in  most  cases  the  positive 
ions  also  have  a  single  atomic  charge.  The  other  physical 
properties  of  ions  differ  according  to  the  circomstanoes 
under  which  they  are  produced  and  depend  on  the  mass 
associated  with  the  ion.  Thus  the  ions  generated  by 
ESntgen  rays  move  much  &ster  under  an  electric  force 
than  those  obtained  by  the  oxidation  of  phosphorus  owing 
to  the  condensation  of  acid  and  water  vapour  round  the 
ions  in  the  latter  case.  The  ions  associated  with  the 
smallest  mass  in  gases  at  ordinary  pressures  are  the  simplest, 
as  it  is  easy  to  reproduce  the  circumstances  under  which 
constant  values  of  the  velocity  and  other  physical  quantities 
depending  on  the  mass  may  be  obtained.  These  may  be 
generated  in  a  gas  by  the  action  of  Rontgen  or  Becquerel 


10  THE  METHODS  OP 

rays  or  by  the  secondary  radiations.  Also  the  negative 
ions  set  free  from  a  metal  surface  by  the  action  of  ultra- 
violet light  are  among  the  class  of  small  ions  that  move 
with  a  comparatively  large  velocity. 

e.  lODB  generated  during  ohemioal  actions.  Increase  of 
mass  associated  with  elementary  charge.  Slowly  moving  ions 
such  as  those  produced  by  the  oxidation  of  phosphorus  may 
also  be  obtained  by  other  methods,  and  they  ireqnently 
appear  in  gases  when  chemical  actions  take  place  and 
vapours  are  formed  which  easily  condense  on  small  particles. 
An  interesting  case  is  that  of  a  flame.  In  the  hot  part  of 
the  flame  the  ions  are  associated  with  email  masses  and 
have  very  high  velocities  under  an  electric  force.  In  the 
cool  gas  round  the  flame  several  slowly  moving  ions  are 
to  be  found,  being  the  original  ions  of  small  mass  on  which 
water  vapour  and  other  products  of  combustion  have  con- 
densed. The  number  of  ions  generated  in  a  hot  gas  may 
be  greatly  increased  by  spraying  salt  solutions  into  the 
gas,  and  very  high  conductivities  are  then  obtained.  The 
ions  in  the  air  surrounding  an  incandescent  metal  are  also 
of  this  type. 

Slowly  moving  ions  are  also  obtained  by  bubbling  gases 
through  salt  or  acid  solutions  or  by  splashing,  and  newly 
prepared  gases  given  off  from  solutions  contain  in  some 
coses  a  large  number  of  positive  and  negative  ions  associated 
with  comparatively  large  masses. 

It  is  thus  quite  possible  for  ions  to  be  occasionally 
produced  in  gases  under  ordinary  conditions,  and,  as  might 
be  suspected,  the  open  air  is  by  no  means  a  perfect  insulator. 
Also  gases  even  in  their  normal  state  when  contained  in 
closed  spaces  are  never  perfect  insulators,  and  the  con- 
ductivity can  be  measured  accurately  when  sufBciently 
sensitive  apparatus  is  used. 

10.  Small  oonduotivity  in  normal  state.  Effbct  of  moisture 
on  insulating  supports.  The  electrical  conductivity  of  a  gas 
in  its  ordinary  state  has  for  a  long  time  been  the  subject 
of  experimental  investigation,  and  it  has  generally  been 
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Ooncluded  that  charged  bodies  lost  some  of  their  charge 
gradoally  through  the  snrrounding  air  in  addition  to 
the  small  leakage  that  takes  place  along  the  insulating 
lupports.  It  was  also  known  that  the  rate  at  which  the 
charge  disappears  depends  on  various  circumstances :  for 
example,  when  a  flame  is  burning  in  the  neighbourhood 
A  conductor  loses  its  charge  very  quickly.  For  some  time 
luoist  air  was  supposed  to  conduct  better  than  diy  air, 
but  subsequent  investigation  showed  that  the  only  effect 
of  the  moisture  was  to  increase  the  leakage  over  the 
Hurface  of  the  support.  The  principal  source  of  error  in  all 
the  earlier  experiments  arose  from  this  leakage,  as  it  is  very 
Variable.  Different  methods  have  been  employed  to  remedy 
this  defect.  With  glass  high  insulation  may  be  obtained  by 
having  the  surface  dry  or  by  coating  it  with  paraffin  wax, 
Which  is  a  very  good  insulator  as  moisture  is  not  deposited 
Over  it  in  a  continuous  film.  High  insulation  may  also 
be  obtained  with  ebonite  supports  when  the  surface  is 
freshly  cut.  Exposure  to  light,  however,  increases  the  oxida- 
tion of  the  sulphur  on  the  surface  of  ebonite,  and  when  the 
air  is  moist  a  conducting  film  is  formed.  It  is  necessary 
therefore  to  consider  carefully  the  methods  by  which  the 
conductors  ore  supported  in  order  to  measure  small  currents 
through  a  gas. 

II.  EleotTMCOpe  designed  by  Elster  and  Oeitel.  Keasnre- 
ment  of  small  oondnotivities.  Two  different  methods  have 
been  devised  by  Elster  and  Geitel  *  and  by  C.  T.  R,  WilaoUjt 
to  measure  the  small  conductivity  of  air  in  its  natural  state. 

The  principle  of  the  apparatus  used  by  Elster  and  Geitel 
is  illustrated,  in  the  diagram,  figure  2.  It  consists  of  a 
modified  form  of  electroscope  in  which  aluminium  leaves 
are  fixed  to  a  stiff  metal  strip  A,  which  is  supported  in 
a  vertical  position  on  a  short  ebonite  cylinder  E  fixed  to 
the  lower  part  of  the  casa    In  this  position  the  ebonite 

•  J.  Elrter  and  H.  Geitel,  Phys.  Zeitschr.  1,  p.  II,  1899 ;  H.  Geitel, 
Fhjs.  Zeitscfar.  2,  p.  116,  1900. 

t  C.  T.  R.  Wilwn,  Proc.  Camb.  Phil.  Soc.  11,  p.  32,  1900 ;  and  Proc. 
Roj.  Soe.  68,  p.  161,  1901. 
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can  easily  be  kept  dry,  30  that  it  remains  a  good  insulatoi 
during  the  experiments.  To  measure  the  condnctivity  of  the 
air  in  a  closed  vessel,  the  electroscope  13  placed  on  an  iron 
base  C.  A  cylinder  Z  is  supported  above  the  case  by  a  rod 
which  passes  through  the  opening  B  in  the  upper  part  of  the 
case  and  fits  into  a  hole  bored  in  the  top  of  the  conductor  A. 
This  cylinder  is  surrounded  by  a  larger  cylinder  Y  at  zero 


potential  supported  from  the  base  and  covered  on  top  with 
a  disc  having  an  aperture  in  the  centre.  The  apparatus 
is  covered  with  a  bell-jar,  and  the  air  can  be  exhausted 
through  the  tube  T  and  different  gaaes  admitted.  Contact 
is  made  with  the  insulated  system  by  means  of  a  rod  R  that 
moves  up  and  down  in  an  air-tight  fitting  S.  To  investigate 
currents  in  the  open  air  the  same  electrometer  may  be 
used  and  any  form  of  electrode  projecting  into  the  air  may 
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be  substituted  for  the  cylinder  Z.  'When  a  current  with 
the  electrode  in  position  has  been  measured  by  observing 
fche  rate  of  fall  of  the  leaves  of  the  electroscope,  it  may 
be  corrected  for  the  current  taking  place  through  the 
gas  inside  the  case  of  the  electrosoope  and  the  leakage  over 
the  ebonite  support  by  removing  the  electrode  and  cover- 
ing the  aperture  at  B  with  a  metal  cap  after  charging 
the  leaves.  The  divergence  of  the  leaves  diminishes 
slowly  and  the  corresponding  current  gives  the  required 
correction. 

When  the  apparatus  is  arranged  as  in  figure  2,  with  air 
inside  the  bell-jar,  the  change  in  the  divergence  of  the 
leaves  obtained  in  16  minutes  can  easily  be  measured.  The 
total  charge  per  minute  lost  by  the  cylinder  Z  depends  on 
the  quantity  of  air  that  surrounds  it :  that  is,  on  the  volume 
of  the  outer  cylinder  F  and  the  pressure  of  the  air  inside 
the  bell-jar.  Also  the  currents  are  the  same  for  the  positive 
and  negative  directions,  and  are  independent  of  the  magni- 
tude of  the  potential  of  Z  over  a  range  of  potentials  between 
80  and  240  volts.  This  -characteristic  feature  of  the  con- 
ductivity of  air  in  enclosed  spaces  had  previously  been 
observed  by  Matteucci,*  but,  as  Elster  and  Geitel  point  out, 
the  result  had  not  attracted  any  attention.  The  constant 
current  that  was  observed  corresponds  to  the  saturation 
current  obtauied  when  rays  from  an  external  source  ionize 
the  gas. 

12.  Electroscope  designed  by  O.  T.  B.  Wilaon.  The  same 
conclusions  were  arrived  at  by  0.  T.  B.  Wilson  using  a 
somewhat  different  apparatus.  It  consisted  of  an  electro- 
scope famished  with  a  special  arrangement  for  preventing 
any  leakage  from  the  leaves  along  their  supporL  This 
method  is  shown  in  figure  3. 

The  leaves  are  very  small  and  are  carried  on  a  brass  strip 
fixed  to  an  insulator  A,  the  other  side  of' the  insulator 
being  fixed  to  the  end  of  a  rod  B.  which  comes  through  the 
air-tight  case  of  the  electrosoope.    The  rod  is  maintained  at 

'  C.  Mattencci,  Annates  de  Chimie  et  de  Phyiique,  28,  p.  390,  1850. 
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Figure  3. 


a  fixed  potential  V  by  means  of  a  battery  of  cells,  or  by 
connecting  it  to  a  condenser  and  an  aoziliary  electroscope 
of  the  ordinary  pattern  which  can  be  kept  at  a  fixed 
potential  by  a  replenisher.  A  mov- 
able wire  W  is  used  to  toach  the 
leaves  and  charge  them  to  the 
same  potential  as  the  rod  i!.  When 
the  leaves  are  insulated  any  loss 
of  charge  must  take  place  through 
the  gas  inside  the  case  of  the 
electroscope,  since  a  leakage  over 
the  surface  of  the  insulating  sup- 
port would  tend  to  keep  the  leaves 
at  the  fixed  potential  V.  A  simple 
means  is  thus  provided  of  finding 
the  small  currents  that  take  place 
in  the  space  round  the  leaves. 
The  case  of  the  electroscope  itself 
can  easily  be  made  air-tight  so  that  gases  at  different  pressures 
may  be  used. 

18.  Kmnber  of  ions  per  o.o.  in  normal  state.  The  experi- 
ments made  with  this  electroscope  have  also  shown  that 
the  current  is  proportional  to  the  quantity  of  gas  inside 
the  case.  When  filled  with  air  at  atmospheric  pressure 
the  current  is  of  the  order  10~^  electrostatic  units  per 
cubic  centimetre  of  the  case,  and  is  independent  of  the 
potential  of  the  leaves.  The  latter  condition  would  only 
hold  when  the  forces  are  above  a  certain  limit,  otherwise 
some  of  the  ions  would  be  lost  by  diSusion  to  the  sides  of 
the  case,  instead  of  reaching  the  insulated  system  under 
the  action  of  the  electric  force.  It  is  not  to  be  expected 
that  there  would  be  an  appreciable  effect  due  to  recombina- 
tion in  these  cases,  since  the  number  of  ions  per  cubic 
centimetre  is  so  small 

14.  BfE^ct  of  sides  of  vessel  on  oonductiTity  of  the  gas. 
Radio-aotive  emanations  in  ordinary  air.  Hecently  it  has 
been  found  that  the  current  depends  on  the  material  of 
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the  sides  of  the  vessel  in  which  the  gaa  is  enclosed,  and 
that  for  large  vessels  the  current  is  not  proportional  to 
the  volume  of  the  vessels,  but  increases  less  rapidly  than 
volume. 

An  interesting  obeerration  was  made  by  Geitel  on  the 
effect  of  leaving  air  inside  a  closed  vessel.  He  found  that 
the  conductivity  increased  day  by  day,  and  af^r  four  days 
it  became  about  four  times  as  great  as  it  was  when  first 
admitted  into  the  vessel.  Subsequently  the  rate  of  increase 
diminished  and  after  some  time  the  conductivity  attained 
a  constant  value  which  was  about  five  times  as  great  as  the 
initial  conductivity.  It  was  afterwards  found  that  the  air 
in  cellars  and  caves  conducts  veiy  much  better  than  the 
open  air  in  the  neighbourhood,*  and  air  that  had  been 
drawn  from  the  earth  by  a  tube  sunk  in  the  ground  had 
a  conductivity  that  was  more  than  twenty  times  the  normal 
These  results  lead  to  the  hypothesis  that  all  elementa  give 
out  traces  of  radio-active  emanation  f  which  diffuses  into 
the  air  in  their  neighbourhood,  and  that  some  of  the  ions 
found  in  air  in  its  normal  state  are  due  to  a  radio- 
active gas. 

16.  £Sbct  of  natural  penetrating  radiattons.  Experiments 
have,  however,  shown  that  all  the  ions  in  the  atmosphere 
and  in  enclosed  gases  are  not  due  to  an  action  of  this  kind, 
but  that  some  are  produced  by  an  action  originating  from 
an  external  sonrca  Rutherford  and  Cooke  %  smd  McLennan^ 
independently  observed  the  effects  of  a  very  penetrating 
radiation  inside  buildings.  Rutherford  and  Cooke  found 
that  the  rate  of  discharge  of  a  sealed  brass  electroscope  was 
diminished  by  placing  metal  screens  around  it.    Cooke  |[ 

*  J.  £liter  and  H.  Geitel,  PbyB.  Zeitschr.  2,  p.  560,  1901  ;  3,  p.  574, 
1902. 

t  The  emanatios  from  radio-activa  aubstancea  was  discovered  by 
Rnttierford,  and  a  complete  account  of  its  properties  is  to  be  found  in 
bia  treatise  On  Sadio-activitj. 

:  E.  Rutherford  and  H.  L.  Cooke,  American  Pbye.  Soc,  Dec.  1902. 

5  J.  C,  McLennan,  PhTS.  Rev..  No.  4,  1903. 

Q  H.  L.  Cooke,  Phil.  Mag.  (6)  B,  p.  403,  1903. 
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made  a  more  detailed  invsBtigation  and  found  that  the 
conductivity  could  lae  reduced  to  70  per  cent,  of  ita  original 
value  by  a  lead  covering  6  cm.  thick,  but  further  increases 
in  the  thickness  of  the  screena  had  no  effect  on  the  con- 
ductivity. 

McLennau's  experiments  were  on  the  same  principla 
He  observed  the  effect  on  the  conductivity  of  air  in  a  closed 
cylinder  when  it  was  immersed  in  a  lai^  cylinder  filled 
with  water.  For  a  thickness  of  water  between  the  cylinders 
of  25  cm.  the  conductivity  waa  reduced  to  63  per  cent, 
of  its  initial  value.  There  are  thus  different  processes  in 
action  which  affect  the  conductivity  of  the  open  air,  some 
of  which  are  of  such  a  nature  as  to  ionize  also  gases 
contained  in  closed  spaces. 

16.  Ooadnotivity  produced  by  Rdn^n  rays.     Penetratitig 
power  of  rays.    The  method  of'  producing  ions  by  the 
action  of  Ilontgen  or  Becquerel  rays 
affords  the  simplest  means  of  in- 
creasing the  conductivity  of  a  gas. 
The    Kdntgen    rays    are    emitted 
when  a  discharge  passes  through  a 
vacuum  tube  of  almost  any  shape 
provided  the  gas  in  the  tube  is 
reduced  to  a  very  low  pressure. 
The  tubes  that  are  best  suited 
_.  for  producing  the  raya  are  nearly 

all  made  somewhat  afler  the  pattern 
illustrated  in  figure  4. 

It  consists  essentially  of  a  concave  cathode  (7  of  aluminium 
and  a  flat  anode  A  of  platinum  or  platinum-iridium.  When 
a  discharge  is  passed  through  the  tube  and  the  pressure 
reduced  until  a  green  fluorescence  appears  on  the  glass, 
Rontgen  rays  are  given  out  from  the  surface  of  the  anode. 
It  is  necessary  that  the  cathode  rays,  which  consist  of 
negatively  charged  particles,  should  impinge  on  the  anode 
A  or  some  other  solid  obstacle  with  a  very  high  velocity, 
and  the  points  on  the  surface  where  the  cathode  particles 
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are  stopped  abruptly  become  the  origins  from  which  the 
Rontgen  rays  are  given  out  in  all  directions.  There  is 
a  great  difference  in  the  penetrating  power  of  rays  obtained 
from  bulbs  that  are  exhausted  to  a  moderate  degree  and 
tliose  which  are  very  highly  exhausted.  The  rays  that 
appear  at  first  when  the  tube  is  being  exhausted  are  of  the 
non-penetrating  type,  or  what  is  often  termed  '  soft  '■ ;  the 
intensity  of  these  rays  is  reduced  to  a  small  fraction  of  ita 
original  value  when  they  pass  through  thin  sheets  of  metal, 
such  aa  aluminium  one-fifth  of  a  millimetre  thick.  As 
the  pressure  of  the  gas  in  the  tube  is  reduced  the  rays 
become  more  penetrating,  or  'harder',  and  it  is  easy  to 
arrive  at  a  stage  where  rays  are  reduced  by  only  five  or  ten 
per  cent,  when  passed  through  the  same  metal  sheets. 
"With  very  high  exhaustion  it  is  possible  to  obtain  appre- 
ciable efiTects  through  copper  or  zinc  sheets  several  milli- 
tnetrea  thick. 

17.  Potential  required  to  excdte  the  rays.  Adjustment  of 
preaanre  in  vaoaum  tubes.  These  variations  in  the  pene- 
trating power  are  due  to  the  increase  in  the  velocity  of  the 
cathode  rays  as  the  pressure  is  reduced,  for  a  reduction 
in  the  pressure  increases  the  potential  required  to  produce 
a  discharge  in  the  vacnum  tube.  The  potential  required 
to  excite  the  rays  thus  gives  a  measure  of  their  penetrating 
power,  and  it  can  be  roughly  estimated  by  finding  the 
distance  between  electrodes  in  air  at  atmospheric  pressure, 
connected  in  parallel  with  the  K&ntgen-ray  tube,  when 
a  spark  begins  to  pass  across  the  air-gap.  It  is  usually 
found  that  the  softer  rays,  given  out  by  a  tube  which  can 
be  excited  by  a  potential  difference  between  the  electrodes 
that  would  give  a  spark  across  an  air-gap  of  three  or  four 
centimetres,  are  the  most  satisfactory  for  general  experi- 
mental purposes.  The  rays  given  out  under  these  conditions 
remain  more  constant  than  the  harder  rays  when  the  tube 
is  run  for  some  minutes  at  a  time. 

It  is  desirable  to  have  some  method  of  adjusting  the 
pressure  inside  the  vacuum  tube  in  order  to  bring  it  to 
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a  state  in  which  it  acts  as  a  constant  source  of  radiation, 
since  owing  to  continual  use  the  gaa  becomes  absorbed 
by  the  glass  or  by  the  electrodes  and  an  increasingly  high 
potential  is  required  to  send  a  discharge  through  the  tube. 
Various  methods  have  been  employed  to  supply  a  little  gas 
to  the  tube  without  connecting  it  to  an  air-pump.  Thus 
tubes  have  been  made  with  some  carbon,  or  powder  that 
absorbs  gases,  in  a  side  tube,  and  when  this  is  heated  slightly 
a  sufficient  amount  of  gas  ia  given  off  to  make  a  great 
reduction  in  the  potential  required  to  excite  the  rays. 
Another  method  which  is  very  simple  and  effective  is  to 
have  a  fine  platinum  tube  sealed  into  a  side  tube,  one  end 
being  closed  and  allowed  to  project  four  or  five  centimetres 
from  the  tube,  so  that  it  can  be  heated  with  a  Bunsen 
burner.  Some  of  the  hydrogen  in  the  gas  supplied  to  the 
burner  diffuses  through  the  platinum  when  it  is  at  a  red 
heat  and  the  pressure  of  the  gas  inside  the  vacuum  tube 
is  increased.  The  vacuum  tube  shown  in  figure  4  with  the 
platinum  tube  T  sealed  into  the  side  tube  S  is  constructed 
on  this  principle. 

18.  Preliminary  investigations  of  conductivity  produced 
by  Bdntgen  rays.  Qiese's  theory.  The  preliminary  investi- 
gations of  the  properties  of  RSntgen  rays  and  the  nature 
of  the  conductivity  obtained  by  their  passage  through  gases 
were  undertaken  simultaneously  by  many  physicists  * 
shortly  after  the  discovery  of  the  rays  and  their  first 
investigation  by  Bontgen  himself. 

It  was  generally  recognized  that  the  currents  could  be 
explained  by  a  theory  similar  to  that  which  had  previously 
been  applied  by  Giese  f  to  explain  the  conductivity  ot 
gases  coming  from  flames  or  hot  wires.    According  to  tiiis 

*  Ii.  Benoiet  and  D.  Hurmuiescu,  Comptes  rendus,  122,  p.  235,  Feb.  3. 
18961  J-  J.Thomgon.  Proc.  Roy.  Soc.  6»,  p.  274,  Feb.  13,  1896:  J.  J. 
ThoniHon  and  E.  Rutherford,  Phil.  M&g.  {5)  42,  p.  392,  1896 ;  A.  Righi, 
Bend.  dclIaR.  AccBd.diBolo^a,Fiib.9,1896;  id.,Comptes  rendue,  122,' 
Feb.  17,  1896;  Jean  Penin,  L'EcUirage  ^ectrique,  June  1896;  id.. 
These,  1897 ;  id.,  Annalcs  de  Chimie  et  de  PhjBique,  11,  p-  496.  1697 ; 
£.  Villari,  Reud.  dclk  R.  Accad.  di  Napoli,  (3  a)  2,  p.  157,  April  4, 1896. 

t  W.  Giese,  Wied.  Ann.  17,  1882,  and  37,  1889. 
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hypothesis  the  molecules  of  the  gas  are  divided  into 
charged  atoms  or  ions  either  by  the  high  temperatare 
or  by  the  effect  of  the  rays,  and  under  the  action  of  an 
electric  force  the  ions  move  with  velocities  proportional  to 
the  force  and  give  rise  to  electric  currents. 

IB.  Arrangement  of  eleotrodea  in  experiments  on  eon- 
ductivity.  Farallel-plate  electrodes.  In  order  to  detect 
and  measure  the  effects  of  the  rays  under  various  conditions, 
several  types  of  electrodes  have  been  used  to  determine  the 
currents.     For  simplicity  it   is  most  convenient  to  use 
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Figure  b, 

parallel-plate  electrodes,  one  of  which,  A  (figure  5),  is 
insulated  and  connected  to  an  electrometer,  and  the  other, 
B,  connected  to  a  battery  of  cells  so  that  its  potential  V  may 
be  raised  to  any  required  number  of  volts. 

In  some  experiments  it  is  desirable  to  have  a  guard 
ring  C,  connected  to  earth,  round  the  insulated  plate  A,  in 
order  that  the  current  arriving  at  that  plate  should  contain 
only  the  ions  generated  in  the  well-defined  volume  between 
A  and  B  which  is  traversed  by  the  lines  of  force  that 
terminate  on  the  surface  of  A.  To  ionize  the  gas  a  beam 
of  rays  may  be  sent  either  in  the  direction  P  parallel  to 
the  plates,  or  normally  in  the  direction  iV.  In  order  to 
allow  the  rays  to  enter  the  space  between  the  plates  in  the 
o  2 
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latter  case  it  is  necessary  to  have  the  lower  plate  very  thin 
at  the  centre. 

The  insalated  plate  A  should  be  of  thick  metal  to  prevent 
the  rays  from  passing  through  and  generating  ioi^  in  the 
air  above  the  plate. 

20.  Heasurdment  of  currents.  Electrostatic  induction 
balance.  The  number  of  ions  that  come  into  contact  with 
the  plate  A  may  be  measured  by  the  electrometer  deflection ; 
but  a  better  method  is  to  use  some  compensating  arrange- 
ment to  measure  the  current  and  to  keep  the  plate  A  as 
nearly  as  possible  at  zero  potential.  This  may  be  done  by 
connecting  the  inner  plates  of  a  small  air-condenser  to 
the  plate  A,  and  the  outer  plates  by  a  sliding  contact  S  to 
a  point  on  the  potentiometer  wire  W,  When  the  insalated 
system  gets  charged  by  ions  arriving  at  the  surface  of  A 
the  sliding  contact  can  be  adjusted  and  the  electrometer 
kept  at  zero  potential.  The  quantity  of  electricity  acquired 
by  conductivity  through  the  gas  is  then  given  accurately 
by  the  product  KE,  where  K  is  the  capacity  of  the  inner 
plates  of  the  condenser  and  E  the  potential  to  which  the 
outer  plates  have  been  raised.  This  result  is  independent 
of  the  capacity  of  the  electrometer  and  the  plate  A .  It  is, 
therefore,  a  very  useful  method  of  measuring  the  quantities 
of  electricity  passing  through  the  gas  when  the  plates  A 
and  B  are  set  at  different  distances  apart. 

21.  Ionization  as  a  funotion  of  the  distance  firom  tbe  origin. 
When  the  rays  from  the  tube  are  limited  by  lead  screens 
so  as  to  obtain  a  narrow  beam,  the  number  of  ions  produced 
per  unit  length  of  the  beam  in  a  given  time  may  be 
examined  by  means  of  the  parallel-plate  electrodes.  It  has 
been  observed  that  the  number  of  ions  produced  per  unit 
length  of  the  beam  is  practically  the  same  for  all  distances 
from  the  tube.  This  point  has  recently  been  investigated 
by  Gill,*  and  he  has  found  that,  when  allowance  is  made 
for  the  small  absorption  by  the  air  as  the  beam  traverses 
the  larger  distances,  there  is  no  reduction  in  the  'ionizing 

•  E.  W.  B.  Gill,  Phi].  Mag.  (6)  23,  p.  114,  1912. 
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power  per  unit  length  due  to  tlie  fact  that  the  beam  spreads 
ont,  and  the  energy  of  the  radiation  is  inversely  as  the 
square  of  the  distance  from  the  origin.  It  appears  from 
this  that  the  number  of  molecules  per  cubic  centimetre  in 
a  gas  that  can  be  ionized  by  a  beam  of  intensity  /  is 
directly  proportional  to  /.  The  actual  number  of  the 
molecnles  that  are  ionized  is  a  very  small  fraction  of  the 
whole,  even  when  very  intense  rays  are  acting.  The  con- 
ductivity of  the  gas  would  be  considered  very  high  when 
10'  ions  are  generated  per  cubic  centimetre,  and  it  will  be 
seen  that  the  number  of  molecules  iji  a  gas  at  atmospheric 
pressure  is  about  3  x  lo''.  Thus  only  one  molecule  in 
every  10'^  or  10'*  is  affected  by  the  rays. 

22.  EfEtets  of  temperature  on  conduotivity.  The  number 
of  ions  generated  by  Bontgen  rays  in  a  gas  is  inde- 
pendent of  the  temperature  when  the  density  is  constant, 
and  is  proportional  to  the  number  of  molecules  per  cubic 
centimetre.  The  proportionality  varies  with  different  gases, 
there  being  fewer  ions  generated  in  hydrogen  than  in  the 
heavier  gases.  These  results  have  been  established  by 
the  experiments  of  Perrin  and  McClung.  Perrin  *  showed 
that  when  precautions  were  taken  to  avoid  secondary 
radiations  the  conductivity  is  proportional  to  the  pressure 
of  the  gas.  He  also  made  some  experiments  on  the  effect 
of  temperature  which  seemed  to  show  that  there  was  an 
effect  when  the  density  was  constant,  but  the  more  complete 
investigations  subsequently  made  by  McClung  f  showed 
that  the  ionization  produced  by  a  beam  of  rays  in  a  given 
volume  of  a  gas  is  proportional  to  the  number  of  molecules 
per  cubic  centimetre  and  is  independent  of  the  temperature. 

23.  Constitution  of  Hdntgen  rays.  These  results  are  easily 
understood  if  the  Rontgen  rays  are  a  stream  of  particles 
travelling  with  a  high  velocity,  since  both  the  intensity  of 
the  stream  and  the  number  of  molecules  ionized  by  it 
would  be  proportional  to  the  number  of  particles  in  the 
stream.     As  there  is  no  deflection  of  the  Bontgen  rays  due 

*  J.  Pdrrin,  Annalea  da  Chiraie  et  de  Phyeique,  (7)  11,  p.  496,  1897. 
t  R.  K.  McClaag,  Phil.  Hag.  (6)  7,  p.  81,  1904. 
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to  a  magnetic  or  electric  force,  it  would  be  necessary  to 
suppose  that  the  particles  are  either  uncharged  or  tliat  they 
have  a  velocity  approximately  equal  to  that  of  light.  This  is 
one  theory  of  the  constitution  of  the  rays.  The  other  theory, 
suggested  by  Schuster  *  and  Wiechert,t  is  that  the  rays 
are  the  electromagnetic  pulses  given  out  when  the  cathode 
rays  are  stopped  abruptly  by  the  anode  in  the  Ront^en  ray 
tube.  I  It  is  now  generally  recognized  that  this  latter  theory 
affords  the  b^t  explanation  of  the  phenomena.  The  polari- 
zation efFect  observed  by  Barkla  ^  can  only  be  explained  by 
some  form  of  wave  theory,  and  this  conclusion  is  confirmed 
by  the  recent  experiments  of  Laue  ||  on  the  diffraction  by 
crystals,  and  the  determinations  of  the  velocity,  which  has 
been  found  by  Marx  1  to  be  the  same  as  the  velocity  of  light, 
24.  Secondary  Bdntgen  rays.  Penetrating  rays ;  Sagnac's 
experiments.  In  considering  the  currents  which  are 
generated  by  Rontgen  rays  it  is  necessary  to  take  into  con- 
sideration the  secondary  rays  which  are  given  out  when 
the  primary  rays  &11  upon  metal  surfaces,  or  when  they 
pass  through  any  kind  of  matter.  The  effects  are  best 
observed  by  allowing  the  primary  rays  to  fall  on  a  metal 
surface.  The  secondary  rays  that  are  given  out  are  very 
complicated  and  consist  of  groups  of  rays  differing  widely 
in  penetrating  power,  A  small  proportion  of  the  secondary 
rays  are  as  penetrating  as  the  primary  rays  that  excite 
them,  but  the  greater  part  is  much  less  penetrating,  and 
one  group  which  produces  a  large  ionizing  effect  is  absorbed 
by  a  layer  of  air  about  half  a  centimetre  thick  near  the 
surface  on  which  the  primary  rays  fall  The  penetrating 
power  of  the  secondary  rays  depends  on  that  of  the  primary 
rays  which  excite  them.  The  effects  produced  by  the 
secondary  rays  were  first  observed  by  Sagnae,**  who  found 

*  A.  Schuater,  Nature.  63,  p.  268,  Jan.  1896. 

t  E.  Wiecheii,  Abh.  d.  physikal.-cikonom.  GcaeDsch.  zu  K6nigsberg, 
37,  p.  1,  1896. 

t  See  also  Stokea,  Proc.  Manchester  Lit.  and  Phil.  Soc,  1897. 

S  C.  G.  Barkla,  Phil.  Trans.  A,  204,  p.  467,  1905. 

I  M.  Laup,  Ber.  der  K.  Bayr.  Akad.  i.  Wiss.,  1912. 

H  E.  Marx,  Ann.  der  Phya.  30,  p.  677,  1906  ;  33.  p.  305,  1910. 

**  6.  Sagnae,  CompteB  rendua,  125,  p.  230,  1897. 
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that  an  electroscope  completely  screened  from  the  direct 
rays  lost  its  charge  rapidly  when  a  solid  body  near  the 
side  of  the  electroscope  was  placed  in  the  path  of  the 
primary  beam.  This  effect  is  produced  by  the  more  pene- 
trating rays  as  they  eitendto  several  centimetres  from  the 
source  in  air  and  pass  throngh  a  thin  sheet  of  alnminium 
over  an  aperture  in  the  case  of  the  electroscope. 

26.  Seoondory  Bdntgen  rays.  Perrin's  experiments.  The 
less  penetrating  rays  were  observed  by  Perrin*  when 
measuring  the  condnctivity  between  parallel  plates.  He 
found  that  the  number  of  ions  produced  between  the  plates 
by  equal  lengths  of  a  beam  of  rays  is  much  greater  when 
the  rays  enter  normally  and  fall  on  the  electrodes  as  the 
beam  Jv  in  figure  5,  than  when  the  same  rays  pass  through 
the  air  in  the  direction  of  P  parallel  to  the  plates.  In  order 
to  get  the  same  intensity  of  the  primary  in  each  case  a  sheet 
of  alnminium  should  be  placed  in  the  path  of  the  beam  P 
of  the  same  thickness  as  the  sheet  forming  the  part  of  the 
electrode  B  through  which  the  beam  N  enters  normally. 

When  the  plates  are  at  a  centimetre  apart  the  number  of 
ions  generated  between  them  by  the  normal  rays  may  be 
two  or  three  times  as  great  as  the  number  produced  per 
centimetre  by  the  primary  beam  alone. 

26.  Bays  deflected  by  a  magnetic  field.  The  non-pene- 
trating rays  which  are  absorbed  by  about  half  a  centimetre 
of  air  at  atmospheric  pressure  can  be  made  to  extend 
a  greater  distance  from  their  origin  by  reducing  the 
pressure.  Domf  has  observed  that  these  rays  are  deflected 
by  a  magnet  in  the  same  direction  as  negative  electricity 
moving  away  firom  the  plate  on  which  the  primary  beam 
falls.  Thus  possibly  the  greater  part  of  the  non-pene- 
trating secondary  rays  are  charged  particles  moving  with 
a  high  velocity,  and  in  this  respect  they  differ  from  the 
more  penetrating  secondary  rays  which  are  unaffected  by 
a  magnet. 

1.  Natutf.  Gesell.  vi  Halle,  32,  p.  40, 1900. 
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27.  Corposonlar  rays  negatiTely  olurged.  This  result  is 
confirmed  by  some  experiments  made  by  Curie  and  Sagnac,* 
who  found  that  metals  9uch  as  platinum  and  lead  which 
give  a  large  secondary  ionization  near  their  surfaces, 
become  positively  charged  when  primary  BSntgen  rays 
fall  on  them.  In  order  to  observe  this  effect  it  is  necessary 
to  enclose  a  plate  of  the  metal  in  an  air-tight  vessel  having 
an  aluminium  window,  and  to  reduce  the  pressure  to  a 
small  fraction  of  a  millimetre  so  that  there  should  not 
be  sufficient  gas  between  the  metal  and  the  aluminium 
window  to  provide  enough  ions  to  discharge  the  plate  when 
it  becomes  positively  charged  due  to  the  escape  of  negative 
electricity. 

as.  Investigation  of  secondary  rays.  Owing  to  the 
difference  in  the  penetrating  power  of  the  two   kinds  of 


Figui 


secondary  rays  it  is  necessary  to  use  different  methods  f  in 
order  to  measure  the  ionization  they  produce  in  gases  at 
atmospheric  pressure. 

A  form  of  apparatus  which  was  found  convenient  for 
determining  the  ionization  produced  by  the  secondary 
radiations  given  out  by  different  bodies  is  shown  in 
figure  6.  It  is  arranged  in  a  manner  suitable  for  examining 
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the  intensity  of  the  more  penetrating  secondary  rays  which 
extend  to  a  distance  of  several  centimetres  from  their 
origin.  The  Eontgeu-ray  tnbe  B  is  contained  inside  a  lead 
box  with  an  aperture  at  A,  over  which  a  short  lead  tnbe 
open  at  both  ends  waa  placed  so  as  to  confine  the  primary 
rays  to  a  small  portion  of  the  space  above  the  box  This 
space  was  explored  with  the  apparatus  consisting  of  a  gauze 
cylinder  G  and  an  axial  electrode  G  £xed  to  a  movable 
base  W  by  means  of  insulating  supports.  The  cylinder 
was  raised  to  a  potential  of  about  80  volts  by  connecting  it 
to  a  terminal  of  a  battery  of  small  accumulators.  The 
central  electrode  was  connected  to  the  insulated  quadrants 
of  an  electrometer,  and  the  connecting  wire  was  surrounded 
by  a  metal  tube  so  that  ions  prodaoed  in  the  air  in  the 
neighbourhood  should  not  affect  the  electrometer.  None 
of  the  ions  produced  in  the  air  outside  0  can  arrive  at  the 
electrode  G ;  for  if  the  gauze  ia  positively  charged  it  will 
repel  positive  ions  and  attract  negative,  but  none  of  the 
latter,  even  if  they  should  happen  to  get  through  the  gauze, 
would  move  towards  the  inner  electrode,  since  the  force 
inside  the  gauze  repels  negative  ions  from  the  electrode. 
The  only  ions  which  can  affect  the  insulated  system  are 
those  generated  by  rays  inside  C,  so  that  the  electrometer 
deflections  will  be  proportional  to  the  intensity  of  the 
radiation  falling  on  the  cylinder.  When  a  plate  of  heavy 
metal  is  placed  at  D  and  the  primary  rays  fall  on  it,  a  large 
electrometer  deflection  is  obtained.  When  there  is  no 
radiator  at  D  except  air  the  electrometer  gives  a  small 
deflection  which  is  probably  due  to  the  secondary  rays  given 
out  by  the  air. 

2fi.  Intensity  of  penetrating  Beeondary  raya  emitted  by 
different  Babatanoes.  The  following  table  gives  the  deflec- 
tions obtained  in  ten  seconds  with  various  substances  at  D. 
The  numbers  in  the  first  column  were  obtained  when  the 
secondary  rays  passed  through  a  column  of  air  about 
6  centimetres  long  (the  distance  from  the  centre  of  the 
object  D  to  the  detector).    The  second  column  gives  the 
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corresponding  deflections  when  the  rays  are  cat  down 
by  a  Bheet  of  aluminium  i  millimetre  thick  placed  between 
D  and  G. 


Radiator 

placed  at 

D. 

Secon- 
darjrays 

through 
6  cm.  of 

Rays  cut 
down  with 

thTck.' 

Radiator 

placed  at 

D. 

Secon- 
dary rays 
paasinft 
through 
6  era.  of 

Raja  cut    1 
down  with  ' 
aluminium 

thTck.'   , 

Air 
Aluminium 

Lead 

2 
6 

7-5 
24 

.1 
3-5 
3 

6 

Paraffin 
block 
Brau 
Zinc 

Copper 

80 
66 
68 
70 

15-5         1 
2.5         1 

The  table  shows  that  different  kinds  of  radiations  are 
given  out  by  different  substances.  Thus  brass,  copper,  and 
zinc  give  out  rays  of  which  only  a  small  proportion  pass 
through  a  sheet  of  aluminium  }  millimetre  thick,  whereas 
the  rays  from  alaminiom  and  parafGn  are  comparatively 
penetrating.    A  similar  result  was  obtained  by  Sagnac. 

In  order  to  obtain  a  rough  estimate  of  the  relative 
intensities  of  the  primary  and  secondary  rays  the  detector 
was  placed  at  D  in  the  path  of  the  primary  beam,  and  it 
was  found  that  when  the  rays  were  on  for  half  a  second  an 
electrometer  deflection  of  over  500  divisions  was  obtained. 

By  placing  the  detector  in  various  positions  with  respect 
to  the  radiator  D  it  can  be  shown  that  the  secondary  rays 
are  given  out  in  all  directions  from  the  surface.* 

so.  EQ^ot  of  oorpufionlar  rays  on  oondnotlvity  between 
parallel  platas.  In  order  to  examine  the  properties  of  the 
non-penetrating  secondary  rays  a  parallel  plate  apparatus 

'  An  interesting  inveatiKcttion  of  the  penetrating  secondary  raya 
obtained  under  variouB  conditiona  has  been  made  by  Barkla.  Hia  results 
hare  reference  principally  to  the  nature  of  the  radiation  and  do  not  deal 
directly  with  the  properties  of  the  ions  generated  in  tbe  gag.  A  deacrip- 
tion  of  the  erperimenta  would  take  up  ao  much  apace  that  it  is  impossible 
to  include  them  in  thia  book.  The  reader  ia  referred  to  tbe  origiDul 
paperB,  Phil.  Trans.  A,  204,  p.  467, 1905,  and  Phil.  Mag.  (6)  11,  p.  S12, 
1906. 
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such  as  that  illustrated  in  figure  5  may  be  used.  The 
primary  beam  N  passes  through  the  lower  plate  of  thin 
aluminium  and  falls  on  the  upper  plate  A,  which  can  be 
adjusted  to  any  required  distance  from  the  lower  plate  by 
means  of  a  screw  on  the  shaft  that  supports  it.  In  measuring 
the  currents  it  is  necessary  to  have  the  lower  plate  charged 
to  a  sufficiently'*  high  potential  in  order  to  collect  all  the 
ions  that  are  generated  in  the  space  between  the  plates  on 
the  electrodes. 

3L  CondQotivitr  with  diOi^reiit  eleotrodes.  The  charges 
aajoired  by  the  electrode  ^,  while  rays  of  uniform  intensity 
were  acting  for  IS  seconds,  were  determined  in  a  set  of 
experiments  f  in  which  plates  of  brass,  zinc,  copper,  and 
aluminium  were  used  for  the  electrode  A,  the  lower  electrode 
being  the  same  aluminium  sheet  in  each  case.  The  results 
of  the  experiments  are  given  in  the  accompanying  table. 
The  distance  between  the  plates  x  in  millimetres  Is  given 
in  the  first  column,  and  the  currents  in  arbitrary  units 
are  given  in  the  other  columns  corresponding  to  the 
different  metals  used  at  A. 

X         Brass.  Copper.  Zinc.         Alnmiuium. 

1  55  54-4  49  15 


*  To  obtftin  a  high  degree  of  accuracy  in  measuring  the  relative  values 
of  the  cnrrents  in  this  case  it  would  be  ueoeesar;  to  charge  the  lower 
jiUte  to  poteotialB  approiimatelj  proportional  to  the  product  of  the 
square  of  the  distance  between  the  plates  and  the  square  root  of  the 
maximum  current.  Usually  a  constant  potential  of  Orbout  80  volts  may 
be  used,  as  the  results  agree  within  one  or  two  per  cent  with  those 
obtained  by  the  more  accurate  method,  when  the  intcnsit;  of  the  myB  is 
not  exceptionally  great.  On  this  point  the  reader  is  refened  to 
Section  71,  where  a  description  of  the  variations  of  the  current  with  the 
electromotive  force  is  given.  It  is  also  to  be  borne  in  mind  that  when 
the  ordinary  method  of  measuring  conductivities  is  used  by  observing 
the  electrometer  deflections,  it  is  necessary  in  these  experiments  to 
multiply  the  deflection  by  the  capacity  of  the  insulated  system  in  each 
ciise,  as  the  latter  varies  considerably  when  the  distance  between  the 
plates  is  altered.  The  best  method  is  to  use  a  compensating  induction 
balance  such  as  is  described  above  and  illoBtiated  in  figurn  5. 

t  Proc.  Camb.  Phil.  Soc.  10,  p.  222, 1899. 
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If  there  were  no  secondary  radiation  the  numbers  in  the 
last  four  columns  would  be  the  same  and  proportional  to 
the  distance  x. 

These  results  may  be  explained  on  the  hypothesis  that 
the  primaiy  rays  produce  an  equal  number  of  ions  in  eadt. 
millimetre  of  their  path  and  the  secondary  rays  have  b 
large  effect  near  the  surfaces  of  the  plates  and  are  nearly 
all  absorbed  by  a  layer  of  air  5  millimetres  thick.  If  S 
is  proportional  to  the  total  number  of  ions  produced  hy 
the  secondary  rays  and  P  proportional  to  the  na^lbe^ 
produced  by  the  primary  per  millimetre  of  their  path,  thell 
the  currents  for  different  distances  x  will  be  S+Px  whefi 
X  exceeds  about  5  millimetres.  The  currents  obtained  fot 
the  larger  distances  give  i*=  S-2,  and  S=  94,  96,  71,  and 
25  in  the  experiments  with  the  different  metals.  This 
value  of  P  was  also  found  directly  by  sending  the  primary 
beam  through  the  gas  in  a  direction  parallel  to  the  plateB 
so  that  there  should  be  no  secondary  rays  from  tha 
electrodes. 

The  numbers  given  above  for  8  include  the  effects  of  thd 
rays  given  out  both  from  the  lower  plate  and  the  uppef 
plate.  The  ionization  produced  in  any  distance  x  by  tha 
rays  from  each  plate  may  be  estimated  in  the  following 
manner  from  the  numbers  given  for  the  currents  in  the 
above  table. 

32.  Intensity  of  non-penetrating  rays  emitted  by  difEbrent 
metals.  When  the  quantity  3-2  x  is  subtracted  from  the 
currents  corresponding  to  the  distance  x  the  effect  of  the 
secondary  radiations  from  both  plates  is  obtained.  The 
last  column  then  gives  the  effect  of  the  radiations  from 
the  two  aluminium  plates  A  and  B.  The  effect  due  to  the 
rays  from  one  of  the  plates  may  be  obtained  approximately 
by  dividing  these  numbers  by  two,  and  the  results  can  be 
used  to  correct  for  the  radiations  given  out  by  the  lower 
plate  in  the  other  cases. 

The  ordinates  of  the  curves  given  in  figure  7  are  pro- 
portional to  the  number  of  ions  produced  by  secondary 
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rays  in  a  layer  of  air  of  thickness  x  adjacent  to  each  metal 
surface.  The  effect  of  the  primary  rays  is  given  by  the 
attaight  line  P. 

The  carves  show  that  the  non-penetrating  secondary  rays 
pttxlace  a  large  nnmher  of  ions  near  the  surface.  They 
extend  to  aboat  5  millimetres  from  the  plate  in  each  case, 


Figure  7. 

and  abont  one-half  their  total  effect  is  produced  in  the  first 
millimetre. 

It  must  not  be  concluded  from  this  that  a  large  propor- 
tion of  the  paths  of  the  rays  are  only  one  millimetre  in 
length.  The  high  conductivity  in  the  first  millimetre  is 
due  to  the  fact  that  the  secondary  rays  are  given  oat  in  all 
directions  so  that  a  large  number  traverse  a  comparatively 
tong  path  near  the  sur&ce.  A  simple  calcalation  shows 
that  if  6.  number  of  particles  are  given  out  equally  in  all 
directions  from  a  point  on  a  surface  with  a  high  initial 
Velocity  that  carries  them  through  a  distance  d  in  the  gas, 
and  if  they  produce  ions  uniformly  along  their  paths,  about 
one-half  the  total  number  will  be  produced  within  one-fifth 
of  the  distance  d  from  the  plate.  The  above  experiments, 
therefore,  show  that  on  an  average  each  of  the  particles  of 
which  the  secondary  rays  are  composed  traverses  about 
G  millimetres  of  air  at  atmospheric  pressure. 
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sa  Total  ioaization  between  parallel  plates.  In  this 
examination  of  the  experimental  reanlts,  the  number  3-2  x 
attributed  to  the  direct  effect  of  the  primary  raya  would 
more  correctly  be  described  as  representing  the  ionization 
produced  by  both  the  primary  raya  and  the  penetrating 
secondary  rays.  The  number  of  ions,  however,  produced 
by  the  latter  is  probably  not  more  than  a  few  per  cent 
of  those  produced  by  the  primary  rays.  Also  in  estimating 
the  effect  due  to  the  lower  plate  it  is  assumed  that  the 
secondary  raya  emitted  by  the  surface  of  B  from  which 
the  primary  emerge  into  the  gas  are  of  the  same  intensity 
as  the  secondary  &om  the  aluminium  plate  at  A,  on  which 
the  primary  falls.  This  is  not  strictly  true,  as  it  has  been 
found  by  Cooksey*  that  the  rays  from  the  lower  plate 
are  more  intense,  so  that  the  numbers  given  for  the 
different  metals  for  incident  rays  are  probably  a  few  per 
cent,  too  large. 

It  was  not  considered  necessary  to  correct  the  curves 
originally  given  for  these  effects,  as  the  intensity  of  the 
secondary  rays  is  not  a  constant  quantity,  but  depends  on 
the  nature  of  the  primary  rays  and  on  the  state  of  the 
surface.  The  recent  experiments  of  Bragg  and  Porter  f 
are  interesting  from  the  point  of  view  of  the  theory  of 
the  nature  of  the  rays.  It  was  observed  that  the  secondary 
effect  produced  by  a  beam  emerging  from  a  metal  into 
a  gas  was  larger  than  the  effect  obtained  by  an  incident 
beam :  that  is,  when  the  beam  traverses  the  gaa  and  then 
falls  on  the  surface  of  the  metal.  Thus  the  non-penetrating 
secondary  rays  given  out  from  a  zinc  or  copper  surface 
are  more  intense  for  emerging  primary  rays  than  for 
incident  primary  raya  in  the  proportion  1-5 :  1,  the  corre- 
sponding ratio  for  an  aluminium  surface  being  1'8:1. 
Similar  effects  %  have  been  observed  in  a  more  marked 
degree  with  some  metals  when  the  penetrating  y-rays  irom 

•  C.  D.  Cookaey,  Nature,  April  2,  1908. 

t  W.  H.  Bragg  and  H.  L.  Porter,  Ptoo.  Roy.  Soc.  A,  86,   p.   349, 
1911. 
t  W.  H.  Bragg  and  J.  P.  V.  Madson,  Phil.  Mag.  (6)  16,  p.  918, 1908. 
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radio-active  sabstances  are  used.  Thus  with  floft  y-rays  the 
secondary  rays  from  aluminium  on  incidence  and  emergence 
are  in  the  ratio  of  280  to  1810,  and  for  hard  y-raya  in  the 
ratio  of  120  to  79fi ;  with  a  zinc  surface  the  incidence  and 
emergence  rays  are  in  the  ratios  S16  to  1160  and  224  to 
485  for  soft  and  hard  rays  respectively.  Although  these 
ratios  have  not  been  determined  with  a  high  degree  of 
accuracy,  nevertheless  they  show  what  a  large  difference 
there  is  between  the  effects  produced  on  incidence  and 
emergence. 

Similar  investigations  have  recently  been  made  on  the 
photo-electric  effect  in  order  to  see  if  there  is  any  difference 
in  the  number  of  ions  set  free  from  a  metal  surface  by  incident 
and  emerging  beams  of  ultra-violet  light  Very  thin  films 
of  metals  can  be  obtained  on  quartz  plates,  by  placing  them 
opposite  the  cathode  in  an  exhausted  tube.  They  are 
sufficiently  transparent  to  allow  rays  of  light  to  pass  through 
them  so  that  it  is  possible  to  compare  the  effects  of  incident 
and  emerging  beams.  Stuhlmann  *  has  fooud  in  this  way 
that  the  number  of  ions  set  free  is  greater  by  17  per  cent, 
on  the  emergent  than  on  the  incident  side  of  a  thin 
platinum  film. 

34.  Velooitj  of  non-penetrating  tajb.  An  inspection  of 
the  curves  shows  that  the  maximum  velocity  of  projection 
from  the  different  metals  must  be  approximately  the  same, 
since  the  total  ionization  effect  is  practically  attained 
within  five  millimetres  of  the  surface  in  each  case.  The 
velocities  of  projection  of  the  negative  electrons  have  been 
deduced  by  Domf  from  obeervations  of  the  magnetic 
deflection  of  the  rays,  combined  with  the  known  value  of  the 
ratio  of  the  charge  e  to  the  mass  m  of  the  negative  electron. 
For  the  valued  c/m  =  1-77  x  10',  the  velocities  of  the 
electrons  are  4>7x  10^  cm.  per  second  for  the  slowest  and 
8-1  X  10^  for  the  fastest.    The  potential  required  to  impart 

'  0.  Stuhlmanii,  Phil.  Mag.  (6)  20,  p.  331,  1910. 
+  E.  Doni,  Lorente  Jubilee  volume,  p.  607, 1900. 
t  Cf.  A.  BeBtelmejer,  Phys.  Zeitachr.  12,  p.  972.  1911. 
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this  velocity  to  the  electron  starting  from  rest  woald  he   \ 
ahout  20,000  volts. 

These  results  *  have  been  confirmed  by  Innes,t  who 
made  experiments  with  rays  of  various  penetrating  power 
measured  by  the  equivalent  spark  gap  in  air  connected  in 
parallel  with  the  Rontgen-ray  tube.  For  '  soft '  rays  corre- 
sponding to  a  spark  length  in  air  of  about  34  centimetres 
the  velocities  ranged  from  6x  10'  to  7-6  x  10'  centimetres 
per  second,  and  for  the  hard  raya  corresponding  to  a  spark 
length  of  15  to  16  centimetres  the  velocities  ranged  from 
6-3x10*  to  8-3x10*  centimetres  per  second.  The  metala 
lead,  silver,  zinc,  platinum,  and  gold  were  used,  and  it  was 
found  that  the  velocities  of  the  electrons  emitted  from  their 
surfaces  were  the  same  in  each  case. 

If,  therefore,  the  ionization  near  the  surface  is  diis 
principally  to  the  negatively  charged  electrons  observed 
by  Dom,  it  follows  that  the  velocity  of  8-5  x  10'  centimetres 
per  second  is  required  to  make  the  electron  travel  a  distance 
of  about  5  millimetres  in  air  at  atmospheric  pressure,  and 
to  ionize  molecules  along  that  distance. 

One  result  of  the  investigations  which  is  contrary  to  what 
might  have  been  expected  is  that  a  definite  minimum 
velocity  should  have  been  observed.  Even  if  all  the 
electrons  started  with  the  same  velocity  initially,  those 
coming  from  points  in  the  metal  a  little  below  the  surface 
must  have  had  their  velocities  reduced  by  collisions  with 
molecules  of  the  metal  before  they  left  the  surface,  so  that 
it  is  reasonable  to  expect  that  there  should  be  electrons 
travelling  with  all  velocities  up  to  a  certain  maximum  in 
the  exhausted  space  outside  the  surface  from  which  they 
are  given  off. 

as.  EfPeot  of  preuare  on  the  range  of  the  non- penetrating 
rays.  Experiments  on  the  ionization  due  to  secondary  rays 
were  also  made  with  another  apparatus,  which  showed  that 
the  secondary  radiation  extends  to  a  greater  distance  as  the 

*  On  this  subject  Bee  also  C.  D.  Cuokeey,  Amer.  .lour.  Sci.  (4)  24, 
p.  285.  1907. 
t  P.  P.  Innea.  Proc.  Roy  Soc.  A,  70,  p.  442,  1907. 
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pressare  of  the  air  is  reduced,  the  total  ionization  being 
unaltered,  antil  the  rays  traverse  the  whole  distance 
between  the  electrodes.  It  is  unnecessary  to  quote  the 
exact  results  as  they  can  easily  be  explained  by  considering 
the  numbers  given  in  Section  31  and  the  curves,  figure  7, 
The  total  effect  of  the  primary  is  proportional  to  the 
number  of  molecules  in  the  path  of  the  rays :  that  is,  to 
.  the  product  px  of  the'  pressure  and  the  distance  between 
the  electrodes.  The  number  of  ions  produced  by  the 
secondary  rays  in  a  layer  of  gas  of  thickness  x  at  pressure  p 
will  be  equal  to  the  number  produced  in  a  layer  of  thick- 
ness x'  at  pressure  p',  i£  px  =  p'af,  since  the  secondary 
radiation  largely  consists  of  moving  particles.  Hence  the 
number  of  ions  produced  by  the  non-penetrating  secondary 
rays  is  a  function  of  the  product  px  which  can  be  denoted 
by  fipx),  and  the  total  number  of  ions  produced  between 
the  plates  will  be  f{px)  +  Ppx,  Pp  being  the  number 
produced  by  the  primary  rays  in  unit  length  of  their 
path.  This  shows  that  reducing  the  distance  between 
the  plates  has  the  same  effect  as  redaclng  the  pressure  in 
the  same  proportion.  Hence  the  currents  at  different 
pressures  for  a  fixed  distance  between  the  plates  may  be 
deduced  from  the  currents  at  atmospheric  pressure  corre- 
sponding to  various  distances.  For  instance,  when  the 
pressure  is  fiO-7  millimetres  the-  secondary  ionization  from 
copper  in  a  distance  of  15  millimetres  is  4B,  and  the  effect 
of  the  primary  is  3-2.  Thus,  with  apparatus  of  ordinary 
dimensions,  where  the  plates  are  a  few  centimetres  apart, 
the  greater  part  of  the  ionization  is  produced  by  secondary 
rays  when  the  pressure  is  about  a  twentieth  of  an  atmo- 
sphere or'under, 

36.  Variations  in  the  intensity  of  secondary  rays.  ESbot 
of  the  state  of  the  snrftice  on  the  non-penetrating  rays 
ftom  a  metal.  The  numbers  given  above  do  not  accurately 
represetlt  the  relative  ii;alaes  of  the  primary  and  secondary 
effects  under  aU  conditions,  but  must  only  be  considered 
as  illustrating  the  nature  of  the  phenomena.    The  intensity 
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and  penetrating  power  of  the  secondary  rays  that  extend 
to  a  distance,  as  well  as  the  properties  of  the  rays  which 
penetrate  abont  half  a  centimetre  of  air,  depend  on  the 
uatare  of  the  ptimary  rays.  Also,  the  state  of  the  surface 
on  which  the  primary  beam  falls  influences  the  intensity 
of  non-penetrating  rays  to  a  great  extent.  When  a  veiy 
thin  layer  of  water  or  vaseline  is  nibbed  on  the  surlace,  the 
non- penetrating  secondary  rays  are  only  a  very  small 
fraction  of  the  intensity  of  the  rays  coming  from  a  clean 
bright  sorface.  In  this  case  the  non-penetrating  rays  from 
the  metal  surface  are  completely  stopped  and  another  set 
of  smaller  ionizing  power  is  given  out  by  the  new  surface. 

37.  Beoqnerel  rays.  Properties  of  the  a,  0,  and  y  rays. 
The  properties  of  the  rays  given  out  by  radio-active 
substances  have  been  fully  described  in  treatises  devoted 
to  that  subject  by  Mme.  P.  Curie  *  and  E.  Itutberford.t 
The  reader  is  recommended  to  consult  those  works  for 
descriptions  of  the  original  researches  that  have  been  made 
to  solve  the  many  complicated  problems  that  the  subject 
presents.  The  properties  which  are  of  special  interest  in 
considering  the  conductivity  produced  by  the  rays  are  the 
relative  intensity  and  penetrating  power  of  the  different 
rays,  including  the  secondary  rays  emitted  by  various 
substances.  A  brief  description  of  some  of  the  characteristic 
features  of  the  rays  will  therefore  be  all  that  is  required  in 
order  to  explain  how  radio-active  substances  can  be  used 
to  obtain  ionization  suitable  for  particular  investigations. 
The  rays  from  radio-active  substances  are  made  up  of  three 
distinct  groups,  called  a,  0,  and  y  rays,  differing  widely  in 
their  physical  properties,  but  resembling  each  other  in  so  far 
as  their  effects  of  disintegrating  molecules  into  ions  are 
concerned. 

The  a  rays  consist  of  positively  charged  particles  pro- 
jected with  a  velocity  about  ^(jth  of  that  of  light,  and 
are  the  least-penetrating  rajra.  They  are  veiy  slightly 
deflected  in  strong  magnetic  and  electric  fields.    These 
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raya  prodace  very  liigli  conductivity  in  a  gas  near  the 
radio-active  material,  bat  the  most  penetrating  (those  from 
thorium  Cj)  only  extend  to  a  distance  of  8-6  centimetres  in 
air  at  atmospheric  pressure.  The  charge  on  the  a  particle 
is  twice  the  atomic  charge,  and  the  mass  of  the  a  particle  is 
of  the  same  order  as  that  of  the  molecule  of  helium,  since 
the  ratio  e/m  of  the  charge  to  the  mass  of  the  a:  particle  is 
about  6x10°,  and  the  ratio  of  the  atomic  charge  to  the 
mass  of  a  molecule  of  hydrogen  is  5  x  10^. 

The  fi  rays  are  negatively  charged  particles  travelling 
with  very  high  velocities  ranging  from  one-third  to  within 
a  few  per  cent,  of  the  velocity  of  light,  and  are  more 
penetrating  than  the  a  rays.  They  are  easily  deflected 
either  by  an  electrostatic  force  or  by  a  magnetic  force. 
The  ratio  e/m  for  a  j9  particle  is  approximately  1-8  x  10',  so 
that  if  the  charge  e  is  the  same  as  the  atomic  charge  the 
mass  m  is  about  1/2000  of  that  of  an  atom  of  hydrogen. 

The  y  rays  form  a  group  which  produces  comparatively 
small  conductivity  in  a  vessel  of  ordinary  dimensions,  but 
they  are  very  penetrating,  and  resemble  Kdntgen  rays 
inasmuch  as  they  are  not  deflected  either  in  a  magnetic 
or  electric  field. 

The  relative  values  of  the  average  penetrating  power  of 
the  three  kinds  of  rays  may  be  seen  from  the  following 
numbers  given  by  Rutherford  for  the  thickness  of  aluminium 
sheet  that  will  reduce  the  effect  of  the  rays  to  one-half 
their  original  values :  for  a  rays  the  thickness  is  -0005  cm., 
for  |3  rays  -06  cm.,  and  for  y  rays  S  cm.  The  ionizing 
powers  of  the  a,  j8,  and  y  rays,  in  a  layer  of  air  between 
two  plates  5  centimetres  apart,  due  to  a  thin  layer  of  radio- 
active substance  on  the  lower  plate,  are  roughly  proportional 
to  10,000,  100,  and  1. 

38.  EmanatiOD  or  radio-active  gas.  In  addition  to  these 
rays  a  radio-active  substance  gives  oS  a  radio-active  gas  or 
emanation  which  diffuses  gradually  into  the  surrounding 
air.  When  some  of  the  emanation  is  contained  in  a  gas 
the  latter  ia  a  conductor  while  the  emanation  lasts.  It 
D  2 


36  THE  METHODS  OF 

gradually  ceases  to  be  radio-active  at  different  rates, 
corresponding  to  the  particular  substance  from  which  it  is 
derived.  The  activity  of  the  emanation  from  radinm  falls 
to  half  its  value  in  about  four  days,  and  that  from  the  other 
substances  decays  much  more  rapidly. 

The  radio-active  substances  uranium,  thorium,  radium, 
and  actinium  give  out  penetrating  and  non^penetrating 
rays  and  also  emanations,  but  polonium  gives  out  only  the 
non-penetrating  a  rays,  which  extend  to  a  distance  of  about 
4  cm.  in  air  at  atmospheric  pressure. 

SB.  lonlEation  due  to  impact  of  a  particles  on  a  metal 
surfboe.  The  /9  and  y  rays  give  secondary  rays  of  different 
types  when  they  fall  upon  ordinary  materials. 

With  regard  to  the  a  rays,  it  seems  to  be  well  established 
that  they  do  not  excite  secondary  rays  that  ionize  the  gas 
to  an  appreciable  extent,  or  affect  a  photographic  plate. 
Negative  ions  are,  however,  set  free  with  a  small  initial 
velocity  when  the  rays  fall  on  a  metal  surface,*  but  they 
do  not  escape  from  the  surface  when  the  potential  of  the 
surface  is  10  or  15  volts  above  that  of  the  surrounding 
conductors. 

40.  Secondary  rays  excited  by  /3  and  y  rays.  Indirect 
action  of  y  rays.  The  secondary  radiations  excited  by  the 
(3  and  y  rays  have  been  investigated  by  the  electrical 
method  by  Eve  f  and  McClelland.  J  j 

Both  the  /3  and  y  rays  give  secondary  rays  consisting  j 
of  negatively  charged  particles,  of  the  same  type  as  the 
y3  rays,  which  are  deflected  by  a  magnetic  field  and  are 
sufficiently  penetrating  to  admit  of  their  effects  being 
studied  at  distances  of  several  centimetres  from  the  surface 
from  which  they  are  given  oat.  The  j3  and  y  rays  also 
give  rise  to  secondary  raya  of  the  y  type.  The  deviable 
secondary  rays,  however,  produce  the  most  notable  effects 

*  These  and  other  effects  obtained  when  u  rays  emerge  from,  or  are 
incident  on,  a  metal  surface  are  ful]f  described  by  Hodame  Curie  in  the 
'  Trait6  de  Badio-octivite ',  vol.  ii,  p.  170. 

+  A.  S.  Eve,  Phil.  Mag.  (6)  8,  p.  669,  1904. 

X  J.  A.  McCleUojid,  Trans.  Rof.  Dub.  Soc.  8,  pt.  H  and  9,  pt.  1,  1905. 
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in  the  gaa  and  can  be  studied  by  means  of  the  apparatus 
illustrated  in  figure  6,  using  a  specimen  of  a  radio-active 
substance  contained  in  a  thick  metal  box  as  the  source  of 
the  primary  radiation.  In  order  to  separate  the  effects 
of  the  p  and  y  rays,  the  former  may  be  cut  out  by  putting 
a  suitable  screen  over  the  aperture  in  the  box  which  will 
absorb  all  the  /3  rays  and  produce  only  a  email  effect  on  the 
y  rays.  The  secondary  rays  excited  by  the  j8  and  y  rays 
are  very  penetrating  and  produce  considerable  effects  in 
passing  through  a  gas :  in  fact,  the  conductivity  produced 
by  y  rays  is  nearly  all  due  to  the  secondary  rays  which 
are  projected  from  the  sides  of  the  vessel  on  which  the  rays 
fall.  This  result  is  in  accordance  with  the  view  suggested 
by  Bragg  *  that  y  rays  and  Biintgen  rays  act  indirectly  by 
causing  a  comparatively  amaU  number  of  j3  particles  to 
be  projected  with  a  high  velocity  through  the  gas.  The 
experiments  recently  made  by  Wilson  f  on  the  initial  dis- 
tribution of  ions  in  a  gaa  show  the  importance  of  the 
secondary  ^  rays. 

According  to  Eve,  the  secondary  rays  excited  by  the 
y  rays  form  about  Ifi  per  cent,  of  the  secondary  rays  due 
to  the  (i  and  y  rays  combined.  They  are  each  given  out  in 
about  the  same  proportion  from  different  reflectors,  the  total 
being  roughly  proportional  to  the  density  of  the  reflector, 
a  result  which  is  also  in  accordance  with  McClelland's 
investigations.  The  order  of  the  penetrating  power  of  the 
secondary  rays  is  shown  by  the  reduction  of  the  con- 
ductivity producedby  passing  the  rays  through  a  screen  of 
aluminium  '85  mm.  thick.  The  rays  from  copper  or  brass 
are  thus  reduced  to  a  quarter  of  their  original  value,  those 
from  lighter  materials  being  less  affected.  The  penetrating 
power  of  these  secondary  rays  is,  therefore,  of  the  same 
order  as  that  of  the  original  /3  rays. 

11.  Relative  oonduotivit^  in  difibrent  gases.  When 
Bontgen  rays  or  Becquerel  rays  ionize  a  gas  between  two 

♦  W.  H.  Bra)re,  Phil.  Ma«.  (6)  20,  p.  385,  1910. 

t  C.  T.  B.  WiDon,  Proc  Rojr.  Soo.  A,  86,  p.  285, 1911.  An  ai^ouot  of 
theae  experimenta  is  given  in  Chapter  VII. 
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electrodes  the  number  of  ious  produced,  as  measured  by  the 
saturation  current,  depends  on  the  nature  of  the  rays  and 
on  the  gas.  The  relative  conductivity  obtained  in  different 
gases  also  depends  on  the  pressure  at  which  the  con- 
ductivity is  measured.  When  the  rays  are  penetrating, 
the  conductivity  is  proportional  to  the  pressure  over  a  large 
range  of  pressures,  and  the  conductivities  of  different  gases 
are  in  a  constant  ratio.  With  non-penetrating  rays  the 
conductivity  is  proportional  to  the  pressure  only  when 
very  small  pressures  are  used,  and  at  atmospheric  pressures 
a  considerable  proportion  or  even  the  whole  radiation  may 
be  absorbed  in  an  apparatus  of  ordinary  dimensioi^,  so 
that  the  relative  conductivities  would  depend  on  the 
pressure.  When  the  density  is  so  high  that  all  the  radiation 
is  absorbed  by  the  gas,  further  increases  of  preasure  do  not 
affect  the  number  of  ions  generated  between  the  electrodes. 
Thus  with  a  rays,  or  with  the  non-penetrating  secondary 
Bdntgen  rays,  the  maximvm  current  between  the  electrodes 
may  become  constant  as  far  ftHbe  pressure  is  concerned, 
but  the  current  depends  to  some  extenkon  the  gas.  With 
primary  Rontgen  rays  and  with  the  y3  ahd  y  rays  it  would 
require  a  very  high  density  of  the  gas  to  produce  any  great 
diminution  of  the  intensity  while  the  rays  passed  between 
electrodes  of  ordinary  dimensions,  and  it  would  he  imprac- 
ticable to  absorb  all  these  rays  by^  a  gas.  An  interesting 
comparison  of  the  effects  produced  by  the  various  kinds 
of  rays  is  obtained  from  experiments  in  which  only  very 
slight  absorption  takes  place  when  the  rays  traverse  the 
distance  between  the  electrodes.  To  satisfy  this  condition, 
the  conductivity  produced  by  the  non-penetrating  rays 
should  be  measured  in  gases  at  very  low  pressures. 

The  relative  conductivities  of  gases  due  to  the  action 
of  Rontgen  rays  were  determined  by  Perrin,*  Rutherford.f 
Ld  Thomson,  j:  and  it  was  found  that  of  the  gases  that  were 
examined  hydrogen  had  the  smallest  conductivity,  and  that 


PEOBUOING  IONS  IN  GASES  39 

in  general  the  denser  the  gas  the  greater  the  conductivity. 
There  were,  however,  large  differences  in  the  sctaal  ratios 
of  the  conductivities  as  given  by  the  different  obserrerB, 
and  it  was  snbsequently  found  that  the  relative  conductivity 
of  two  gases  depends  on  the  nature  of  the  rays. 

42.  Bffbot  of  penetrating  power  on  relative  oondnotlvity. 
The  conductivity  of  different  gases  compared  with  that  of 
air  was  examined  by  McClung  for  primary  Bontgen  rays 
of  various  penetrating  powers.  With  the  softest  of  these 
rays  the  absorption  could  not  have  been  very  large,  so  that 
the  conductivity  was  proportional  to  the  pressure. 
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In  these  experiments  two  beams  of  rays  from  the  same 
Rontgen-ray  tube  were  passed  between  the  two  pairs  of 
parallel  plate  electrodes  without  touching  the  plates,  so 
that  no  secondary  ionization  was  produced.  The  principle 
of  the  method  is  illustrated  in  the  diagram,  figure  8.  The 
gases  to  be  ionized  were  contained  in  two  air-  tight  cylinders 
BB  and  CO.  The  ends  through  which  the  rays  entered 
were  made  of  thick  aluminium  plates  recessed  at  the  centre 
so  that  the  rays  might  only  have  to  pass  through  a  small 
thickness    of  aluminium.     The    electrodes  were    also    of 
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alumlmam ;  those  in  the  centre  of  the  field  a  and  a',  which, 
are  connected  to  the  electrometer,  were  7  cm.  long  by  4  cm, 
wide,  and  were  surrounded  by  guard  ringa  gf  and  p'.  The 
opposite  electrodes  b  and  b'  were  23  cm.  long  by  6  cm.  wide. 
They  were  raised  to  high  potentials,  one  being  positive  and 
the  other  negative.  The  beams  of  rays  were  limited  by 
aoreens  so  that  the  rays  did  not  touch  the  electrodes,  and 
all  the  ions  produced  between  the  plates  were  due  to 
primary  rays.  The  non-penetrating  secondaiy  radiation 
from  the  ends  did  not  reach  the  space  in  which  the  ionization 
was  measured,  and  the  penetrating  secondary  rays  produced 
an  efiect  which  most  have  been  only  a  small  fraction  of  the 
primary  rays. 

When  equal  numbers  of  ions  are  generated  in  the  spaces 
between  the  electrodes  ab  and  a'fc'the  electrometer  gives 
no  deflexion,  since  equal  quantities  of  positive  and  negative 
ions  come  into  contact  with  the  insulated  system  connected 
to  the  electrometer.  The  apparatus  is  first  adjusted  so  that 
no  electrometer  deflection  is  obtained  when  both  cylinders 
are  filled  with  dry  air  at  the  same  pressure.  The  air  is  then 
pumped  out  of  one  cylinder  and  a  gas  0  at  the  same  pressure 
is  admitted.  The  conductivity  on  the  two  sides  is  no 
longer  equal,  but  the  balance  can  be  restored  by  adjusting 
the  pressure  on  one  of  the  sides.  If  the  conductivity  of 
the  gas  0  at  pressure  ^  is  exactly  the  same  as  the  con- 
ductivity of  air  at  pressure  I^,  then  the  ratio  of  the 
conductivity  of  G  to  that  of  air  when  both  are  at  the  same 
pressure  is  i^/^ 

Experiments  were  made  with  Kontgen-ray  tubes  at  dif- 
ferent degrees  of  exhaustion,  and  the  range  of  potentials 
required  to  excite  the  rays  varied  from  the  potential  that 
produces  a  spark  in  air  between  terminals  about  4  centi- 
metres apart,  to  the  potential  required  to  spark  between 
terminals  about  20  centimetres  apart.  The  relative  con- 
ductivities obtained  for  the  different  gases  are  given  in  the 
following  table :  * 

*  R.  £.  McClung,  Phil.  Mag.  (6)  8,  p.  S57,  1904. 
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Hydrogen  -105  -177 

Oxygen  18  1-17 

Carbon  dioside  1-46  1-88 

Sulpbnr  dioxide  11-05  4-79 

The  condactivities  obtained  with  soft  rays  emitted  by 
tabes  working  with  the  lower  potentials  are  given  in  the 
first  colamn  of  numbers.  The  corresponding  numbers  for  the 
penetrating  rays  emitted  by  the  highly  exhausted  tube  are 
given  in  the  last  column.  Hence  the  relative  conductivity 
depends  on  the  type  of  rays  which  produce  the  ionization. 
The  experiments  also  showed  that  the  relative  conductivities 
were  independent  of  the  intensity  of  the  rays. 

43.  lonizatloQ  by  y  rays  and  penetrating  Rdntgen  rays. 
The  relative  conductivities  of  gases  for  very  hard  Rontgen 
rays  and  y  rays  from  radium  were  determined  by  Eve* 
with  a  different  form  of  apparatus.  The  measurements  of 
the  conductivity  were  made  by  finding  the  leak  of  an 
electroscope  connected  to  a  rod  which  projected  into  a 
cylinder  containing  the  gas  through  which  the  rays  were 
passed.  The  ionization  in  this  case  included  the  ionization 
produced  by  the  secondary  rays  from  the  sides  of  the 
cylinder,  which  probably  accounts  for  the  high  value,  -42, 
of  the  relative  conductivity  of  hydrogen  and  air  obtained 
by  this  method.  The  results  obtained  with  y  rays  are  as 
follows:  air  1-00,  hydrogen  -19,  sulphuretted  hydrogen 
1-23,  chloroform  4-8,  methyl  iodide  6-6,  and  carbon  tetra- 
chloride 5-2.  These  results  are  practically  the  same  as 
those  obtained  by  other  observers. 

44.  Belatlve  oondnotivitieB  produced  by  rays  of  different 
types.  StFutt's  table  of  oondaotiyities.  A  very  complete 
investigation  of  the  relative  conductivities  of  gases  tra- 
versed by  rays  of  different  types  has  been  made  by  Strutt.-f 

*  A.  8.  Eve,  PbU.  Hog.  (6)  8,  p.  610,  1904. 

t  Hon.  R.  J.  Strutt,  Phil.  Trans.  A,  186,  p.  507,  1901,  and  Proc.  Roy. 
Soc.  72,  p.  208,  1903. 
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In  each  case  ihe  pressure  of  the  gas  was  rednced  until  the 
current  /  was  directly  proportion&l  to  the  pressure  p. 

With  an  unscreened  radio-active  substance  the  ionization 
is  almost  entirely  due  to  a  rays.  When  the  active  sub- 
stance is  covered  with  a  sheet  of  alumininm  -1  millimetre 
thick  the  ionization  is  principally  due  to  /3  rays,  and  when 
covered  by  a  thick  sheet  of  lead  the  ionization  is  due  to 
the  y  rays.  The  values  of  I/p  obtained  for  the  different 
types  of  Becquerel  raya  are  given  in  the  following  table,  and 
also  the  relative  conductivities  for  the  same  gases  when 
traversed  by  soft  Eontgen  rays. 


Relative  conduoUvitj. 

Qaa. 

Belative 

a 

~~S"~ 

y 

density. 

raja. 

laya. 

rays. 

lays. 

Hydrogen 

■0693 

■226 

•157 

•169 

-114 

Air 

1-00 

!■« 

1-00 

1-00 

1-00 

Oxygen 

Ml 

M6 

1-21 

M7 

1-39 

C^bon  dioxide 

I-5S 

1-54 

1-57 

1-53 

1-60 

Cjanogen 

1.8« 

1-94 

1-86 

1-71 

1-05 

Sulphur  dioxide 

2-19 

8-04 

2-31 

2-13 

7-97 

Chloroform 

4-32 

4-44 

4-89 

4-88 

31-9 

Heth;l  iodide 

5-05 

3-51 

5-18 

4-80 

72^0 

Carbon  tetrachloride 

5.31 

6-34 

5-83 

6-67 

45-8 

Thus  with  the  exception  of  hydrogen  the  ionization 
produced  in  gases  by  a,  j3,  and  y  rays  is  approximately 
proportional  to  their  densities.  It  is  very  remarkable  that 
Bontgen  rays  give  quite  different  results,  and  that  the 
y  rays  of  radium  have  in  this  respect  a  close  resemblance 
to  the  0  rays.  This  is  most  probably  due  to  the  very 
penetrating  secondary  rays  which  are  emitted  when  y  rays 
pass  through  or  fall  upon  the  sides  of  the  vessel  containing 
the  gas.  These  secondary  rays  resemble  in  all  respects  the 
j3  rays,  and  the  ionization  they  produce  is  large  compared 
witli  the  direct  effect  of  the  y  rays. 

15.  Total  ionization  produced  bj  non-penetrating  rays. 
The  total  number  of  ions  generated  in  gases  by  non- 
penetrating radiation  may  be  determined  by  increasing 
the  pressure  of  the  gas  between  the  electrodes  until  a  point 
is   reached   when    further    increases    of   pressure   are   not 
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acoompanied  by  any  Increase  in  the  satarstion  current 
between  the  electrodes.  This  stage  can  easily  be  attained 
with  the  non-penetrating  secondary  Kdntgen  rays  or  with 
the  a  rays.  The  namber  of  ions  generated  by  the  a  rays 
when  totally  absorbed  by  different  gases  has  been  deter- 
mined by  Batherford,*  and  a  similar  investigation  of  the 
total  ionization  produced  by  the  non-penetrating  secondary 
B5ntgen  rays  has  been  made  by  Langevin-t  The  results 
ftre  aa  follows : 

T„t«i  T      1  »f^- „-„         Total  Ionization  produced 
n  .  Total  Ionization  pro-         v    ,■„  „„      „  „(_,(!„ 

Air  100  100 

Hydrc^n  95  87 

'  Coal  gaa  —  106 

Oijgeo  106  — 

Carbonic  acid  96  107 

Hydrochloric  acid  102  — 

Ammonia  101  — 

Sulphuretted  1  lac 

-      Hydrogen  J  ~  ^^'* 

46.  LeiLard  raya    Another  kind  of  radiation,  similar  in 
'  its  natnre  to  the  jd  rays  from  radio-active  substances  and 
.  the  non-penetrating  secondary  RiSntgen  rays,  known  as  the 
Lenard  raya,  also  renders  the  air  highly  conducting.    These 
'  rays,  discovered  in  1694  by  Lenard,  are  cathode  rays  or 
negatively  charged  particles  travelling  with  a  high  velocity 
which  can  be  obtained  outside  a  vacuum  tube  when  the 
cathode  rays  fall  on  a  small  aperture  covered  with  a  thin 
sheet  of  aluminium.    A  study  t  o£  their  properties  showed 
'  that  they  had  the  power  of  ionizing  the  air  through  which 
they  passed,  and  a  charged  metal  disc  connected  to  an  elec- 
troscope was  discharged,  whether  its  charge  was  positive 
or  negative,  when  placed  anywhere  within  a  distance  of 
30  centimetres  from  the  aluminium  window  in  the  vacuum 
tube.    The  rays  themselves  do  not  extend  that  distance,  but 
only  to  about  8  or  10  centimetres;  the  ions  are  produced 

*  E.  Rutherford,  PbiL  Uag.  (5)  47,  p.  137,  1899. 

t  P.  lAngevin,  Annalea  de  Chimie  et  de  Physique,  (7)  28,  p.  289, 1903. 

J  P.  Lenard,  Wied.  Ann.  68,  p.  253, 1897. 
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by  the  raya  in  the  field  of  force  of  the  charged  disc,  and 
those  charged  with  electricity  of  opposite  sign  are  attracted 
to  the  disc.  It  was  found  possible  to  prevent  the  disc 
being  discharged  by  sending  a  strong  stream  of  air  from 
the  disc  towards  the  space  traversed  by  the  rays.  Experi- 
ments also  showed  that  the  air  remained  a  conductor  for 
some  time  after  it  had  been  acted  on  by  the  rays. 

Compared  with  other  forms  of  radiations  these  rays  are 
by  no  means  a  convenient  method  of  obtaining  a  conducting 
gas,  but  as  far  as  it  is  possible  to  judge  from  the  limited 
number  of  experiments  that  have  been  made  on  ions 
generated  in  this  way,  it  would  appear  that  they  have  the 
same  properties  as  the  ions  generated  by  Boutgen  rays. 
The  particular  interest  attached  to  the  Lenard  rays  is  that 
they  pass  through  thin  sheets  of  aluminium  and  afford  a 
means  of  studying  the  properties  of  cathode  rays  in  gases 
at  various  pressures. 

47.  Action  of  ultra-violet  light  on  a  metal  surfooe.  Action 
of  ordinary  light  on  alkali  metals.  The  effect  of  ultra-violet 
light  in  facilitating  the  conductivity  of  a  gas,  generally 
known  as  the  photo-electric  effect,  was  first  observed  by 
Hertz*  in  1687  when  making  experiments  on  the  sparking 
between  electrodes  in  circuits  acted  on  by  electro-magnetic 
waves.  He  noticed  that  a  discharge  between  terminals  in  air 
takes  place  more  easily  when  the  electrodes  are  illuminated 
by  the  light  from  another  spark,  the  effect  disappearing  when 
a  plate  of  glass  was  interposed  between  the  two  spark  gaps, 
while  a  plate  of  rock-crystal  did  not  stop  the  action  of 
the  light  The  action  of  the  light  takes  place  principally 
at  the  negative  electrode.  The  phenomenon  was  at  the 
same  time  investigated  by  Hallwachsf  and  Stoletow,|  and 
they  found  that  the  effect  of  the  light  takes  place  with 
small  electric  forces,  and  currents  can  be  obtained  without 
the  aid  of  potentials  that  produce  discharges.  Currents 
may  thus  be  obtained  from  all  metals  commonly  used  for 

•  H.  Herbs,  Wied.  Ann.  81,  p.  983, 1887. 

t  W.  HallwftchB,  Wied.  Ann.  38,  p.  301, 1888. 

t  A.  Stolatow,  Comptes  rendus,  107,  p.  91,  1888. 
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electrodes  when  ultra-violet  light  falls  on  them,  but  Elster 
and  Geitel  *  discovered  that  the  alkali  metals  possess  this 
property  in  a  remarkable  ddgree,  and  with  ordinary  son- 
light  comparatively  large  currents  may  be  obtained. 

Using  a  petroleum  lamp  as  the  source  of  light,  Elster 
and  Geitel  fonnd  that  the  metals  may  be  arranged  in  the 
following  order  of  decreasing  photo-electric  activity : 
Potassium  pure. 

Alloy  of  Potassium  and  Sodium. 
Sodium  pure. 

Bubidium, 
Potassium, 
Sodium, 
Lithium, 
Magnesium, 
Thallium, 
Zinc. 

The  current  obtained  from  a  potassium  surface,  when  the 
lamp  is  at  a  distance  of  6  metres,  may  be  easily  detected 
with  an  ordinary  electrometer. 

The  effective  rays,  traversing  glass,  extend  from  the  ultra- 
violet to  the  red,  the  maximum  effect  being  in  the  blue. 

The  wave-length  of  the  most  effective  radiation  varies 
with  each  metal,  according  to  its  position  in  the  above  list, 
potassium  and  sodium  reacting  to  the  long  waves  and  zinc 
to  the  short  waves.  The  effects  were  from  the  beginning 
attributed  by  Arrhenius  f  to  the  conduction  of  electricity 
by  negative  ions  emitted  from  the  metal  on  which  the 
light  fell. 

18.  pTopertieB  of  ultra-violet  light  observed  under  ordi- 
nary oonditiona.  Ionization  of  gases  by  strong  ultra-violet 
light.  When  the  light  folia  on  a  negatively  charged  body, 
negative  ions  are  set  free  and  are  repelled  by  the  electric 
force,  and  the  body  loses  its  charge  ;  but  positive  electricity 
is  not  set  free  from  the  surface,  so  that  no  similar  effect  is 

*  J.  Elster  tuid  H.  Geitel,  Wied.  Ann.  43,  p.  225,  1891. 

t  S.  Arrhenius,  Wied.  Ann.  32,  p.  565, 1887,  and  33,  p.  688, 1888. 
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obtained  when  light  falls  on  a  body  positively  charged. 
Some  esperimenta  seemed  to  show  that  there  is  some  corre- 
sponding effect  in  the  latter  case,  but  Elster  and  Geitel  * 
found  that  the  loss  of  the  positive  charge  was  due  to  negative 
ions  set  free  by  reflected  light  falling  on  other  bodies,  which 
are  attracted  to  the  body  that  is  positively  charged.  When 
a  beam  of  ultra-violet  light  passes  between  two  parallel 
plates  without  touching  a  metal  sur&ce,  no  conductivity 
is  observed  under  ordinary  circumstances,  the  effect  being 
certainly  vety  small  compared  with  that  produced  by  light 
falling  on  a  negatively  charged  plate. 

Lenard  f  has,  however,  found  that  gases  become  con- 
ductors when  exposed  to  strong  ultra-violet  light,  the  effect 
being  noticeable  up  to  a  distance  of  ten  centimetres  from 
the  spark  of  a  Leyden-jar  discharge.  Both  positive  and 
negative  ions  were  detected  in  air  by  allowing  a  stream 
of  the  gas  to  flow  along  a  glass  tube  provided  with  au 
opening  covered  by  a  plate  of  quartz  fixed  to  the  glass  with 
air-tight  cement.  The  air  then  passed  to  the  space  between 
a  metal  tube  and  a  coaxial  cylinder,  the  metal  tube  being 
connected  to  earth  and  the  inner  cylinder  to  the  leaves 
of  an  electroscope.  When  light  from  a  spark  gap  in  a 
Leyden-jar  discharge  circuit  passed  through  the  quartz 
plate,  the  charge  on  the  electroscope  gradually  disappeared  j 
the  rate  being  the  same  whether  the  charge  on  the  cylinder 
was  positive  or  negative.  The  effect  ceased  to  be  noticeable  ■ 
when  the  origin  of  the  light  was  withdrawn  to  a  distance 
of  more  than  10  centimetres  from  the  quartz  window. 
In  order  to  obtain  as  large  an  effect  as  possible  Lenard 
made  experiments  with  spark  terminals  of  various  metals, 
the  metal  finally  adopted  being  aluminium.  The  wave- 
length of  the  light  which  gave  the  maximum  effect  was 
estimated  at  about  k  =  1,800,  when  the  light  passed  through 
a  thin  quartz  plate.  Measurements  of  the  velocity  under 
an  electric  force  of  the  ions  generated  in  air  by  nltra-violet 

'  J.  ElBter  and  H.  Geitel,  Wied,  Ann.  67,  p.  24, 1896. 
+  P.  Lenard,  Aanalen  der  Phj-aik,  (4)  1,  p.  486,  1900,  and  (4)  S,  p.  298, 
1900. 
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light  showed  that  they  are  more  oomplex  than  those 
produced  by  Kontgen  or  Beoquerel  rays.  Lenard  found,  for 
the  velocities  of  the  ions  prodnced  in  air  by  the  light, 
3-13  centimetres  per  second  i'or  negative  ions  and  -OOIS 
centimetre  per  second  &r  positive  ions  ander  a  force  of  one 
volt  per  centimetre.  The  former  namber  is  about  double 
the  velocity  of  the  negative  ions  prodnced  in  air  by  Bdntgen 
rays,  and  the  latter  is  about  1/1000  of  the  velocity  of  the 
positive  ions.  The  high  mobility  obtained  for  the  negative 
ions  may  possibly  be  due  to  experimental  error,  as  the 
method  adopted  is  not  very  accurate,  and  has  been 
abandoned  by  Lenard  in  his  later  researches. 

The  small  value  of  the  mobility  of  the  positive  ions 
ahows  that  they  consist  of  charged  bodies  of  considerable 

As  it  is  not  certain  whether  dust  was  entirely  absent 
during  the  experiment^  it  has  been  conjectured  that  the 
positive  carriers  consist  of  dust  particles  which  have  lost 
a  negative  electron  by  virtue  of  the  ordinary  photo-electric 
effect  on  solids. 

Some  support  was  lent  to  this  view  l^  the  experiments 
of  Bloch.*  Strong  ultra-violet  light  was  passed  through 
a  quartz  window  into  a  box  containing  two  parallel  elec- 
trodes at  a  large  distance  apart,  so  that  the  light  shonld  not 
fall  on  the  electrodes.  A  certain  conductivity  was  observed 
when  unaltered  air  was  in  the  box,  but  the  conductivity 
diminished  gradually  to  l/60th  of  ita  origtnal  value.  When 
a  ii-esh  supply  of  ordinary  air  was  admitted  the  current 
between  the  plates  was  reatored,  while  if  the  air  was 
admitted  through  a  cotton- wool  filter  the  conductivity  was 
not  restored. 

On  the  other  hand,  Lenard  f  found  that  in  his  experi- 
ments it  made  practically  no  difference  whether  the  air  was 
filtered  or  not 

49.  Lenard  and  Bamsaner's  experiments  with  strong 
ultra-violet  lisbt.     Action  of  the  longer-waved  ultra-violet 

*  E.  Bloch.  Comptes  rendoB,  146,  p.  892,  1908. 
t  P.  Lenard,  loc.  cit. 
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light  OIL  ordinary  air.  A  new  inyeatigation  of  the  aubject 
has  recently  been  made  by  Lenard  and  £anisaner,*  using 
a  very  strong  soarce  of  nltrar-violet  light,  obtained  by  means 
of  an  induction  coil  specially  designed  to  give  a  large 
secondary  current.  A  Wehnelt  interrupter  was  used  and 
the  primary  current  amounted  sometimea  to  60  amperes. 
Experiments  were  made  mainly  under  two  di£Ferent  con- 
ditions in  order  to  give  special  prominence  respectively  to 
the  longer-waved  ultra-violet  light  and  to  the  highly 
absorbable  type  of  short-waved  light  investigated  by 
Schumann. 

In  the  Bret  case  the  light  from  the  aluminium  spark  gap 
traversed  4  centimetres  of  air  and  a  quartz  plate  before 
entering  the  testing  vessel,  and  the  wave-length  of  the 
effective  rays  was  estimated  to  exceed  1,800.  The  standard 
atmospheric  air  employed  was  conducted  through  glass 
tubes  from  a  neighbouring  open  space  and  after  being  dried 
over  calcium  chloride  and  phosphorus  pentoxide  was  filtered 
through  cotton-wool.  Both  positive  and  negative  ions  were 
obtained,  the  latter  being  somewhat  more  numerous  on 
account  of  the  photo-electric  effect  on  the  walls  of  the 
testing  vessel. 

Further  investigations  showed  that  the  formation  of 
ions  in  dust-free  air  was  dependant  on  the  presence  of 
condensable  vapour.  Thus  a  great  reduction  in  the  nnmber 
of  positive  ions  was  caused  by  passing  the  air  through 
a  glass  spiral  immersed  in  a  freezing  mixture  at  —  78'*C., 
while  air  passed  through  rubber  tubing  showed  a  greatly 
increased  effect  These  facts  rendered  it  undesirable  to 
attempt  to  reduce  the  photo-electric  effect  on  the  walls  of 
the  vessel  by  coating  it  with  a  soap  solution,  as  was  done  iu 
the  earlier  experiments,  and  it  was  further  necessary  to 
preserve  the  air  from  contact  with  grease  or  other  substances 
likely  to  emit  small  qnantities  of  vapour.  The  magnitude 
of  the  volume  effect  on  the  gas  may  be  approximately 
measured  by  the  ratio  of  the  number  of  positive  ions  to  that  . 

*  P.  Lenard  and  C.  Ramsauer,  Sitzungaberichte  der  Heidelbeiger 
Akodemie,  5  parts,  Aug.  1910~Aug.  1911. 
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of  negative  ions.    The  following  table  shows  the  results 
obtained  by  successive  purifications : 

Ratio  of  the  number  of  positive  to 
the  uamber  of  negative  ione. 
Unfittered  air  1  (approiimatelj) 

Standaid  filtered  air  -113 

Air  parified  by  freezing  to  -78°G.  -041 

Air  evaporated  from  liquid  air  lew  than  -OOl 

The  last  results  render  it  extremely  likely  that  ultra- 
violet light  of  the  longer  wave-lengths  has  no  volume  effect 
on  the  pure  gases  of  the  atmosphere. 

60.  Haases  associated  with  ions  generated  by  ultra-violet 
light  in  filtered  air  and  in  parified  air.  The  mobilities  of 
the  ions  produced  were  found  by  the  method  due  in  principle 
to  McClelland  *  by  deternuning  the  nnmber  of  iona  in  a 
stream  of  air  which  are  collected  on  the  central  electrode 
of  a  cylindrical  condenser  for  varioas  potential  differences 
between  the  two  cylinders.  In  the  case  when  ions  of  widely 
different  magnitudes  are  present,  Langevin  f  has  shown  that 
the  number  of  ions  whose  mobilities  lie  between  given 
limits  can  be  determined  from  the  current-potential  curve. 

The  size  of  an  ion  of  given  mobility  may  be  estimated 
by  a  formula  to  be  given  later.^  In  the  standard  filtered 
air,  Ifurge  ions  of  both  signs  were  found  whose  radius 
exceeded  1-7  xlO""  centimetre,  the  positive  ions  being 
present  in  somewhat  greater  numbers  than  the  negative 
ions.  An  increase  in  the  intensity  of  the  light  produced  an 
increase  in  the  sizes  of  the  ions,  and  the  same  effect  could 
also  be  obtained  by  using  a  slower  stream  of  air. 

In  air  purified  by  freezing,  the  strongest  light  produced 
only  small  ions,  the  largest  having  a  radius  of  1-4  x  10~^ 
centimetre. 

The  presence  of  large  iona  is  closely  bound  up  with 
that  of  condensation  nuclei,  §  consisting  of  finely  divided 

*  See  Sections  95  and  110. 

t  P.  Laogevin,  Comptei  renduB,  140,  p.  232, 1905. 

t  See  Section  124. 

§  See  Section  158. 
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products  formed  by  the  light  and  not  originally  carrying  an 
electric  charge.  The  nmnher  of  such  nnclei  present,  as 
revealed  by  the  steam  jet,  varied  with  the  purity  of  air 
in  the  same  way  as  that  of  the  large  ions.  It  thus  appears 
that  the  presence  of  the  large  Ions  may  be  due  to  the 
coalescence  of  a  normal  ion  with  an  uncharged  nucleus 
generated  by  the  light. 

The  effect  of  short-waved  ultra-violet  light  (Schumann 
rays)  was  examined  by  bringing  the  spark  gap  np  to  a 
distance  of  a  few  millimetres  from  the  apparatus  and 
replacing  the  quartz  plate  by  one  of  fluor-spar.  The  results 
are,  in  many  respects,  less  complicated  than  before.  On 
account  of  the  strong  absorption  of  the  air,  the  effect  on  the 
gaa  predominates  over  that  on  the  walls  of  the  containing 
vessel  and  approximately  equal  numbers  of  positive  and 
negative  ions  are  formed.  Traces  of  impurity  also  played 
a  much  smaller  part  than  in  the  case  of  longer  wave- 
lengths. 

In  the  purest  air  obtainable,  Lenard  and  Kamsaner  found 
that  the  ions  generated  by  Schumann  rays  were  small, 
90  per  cent,  having  a  radius  less  than  7x  10~"  centimetre. 
The  influence  of  traces  of  impurity  on  the  size  of  the 
ions  was  not  very  great,  the  chief  exception  occurring  in 
ammonia  in  tbe  presence  of  water  vapour,  when  numbers  of 
ions  of  radius  S  x  10~^  centimetre  were  formed, 

'  61.  OomparisoQ  of  effects  obtained  with  nltra-violet  light 
and  XUtntgen  rays.  It  is  of  interest  to  consider  those 
properties  of  the  photo-electric  effect  which  may  be  con- 
trasted with  corresponding  properties  of  other  radiations. 
The  setting  free  of  negative  ions  from  a  metal  surface  by  the 
light  bears  some  resemblance  to  the  action  of  Rontgen  rays 
in  producing  non-penetrating  secondary  rays  that  consist 
of  negative  corpuscles  travelling  with  a  high  velocity. 
The  only  difference  between  the  two  effects  is  that  the 
ions  set  free  by  the  ultra-violet  light  are  projected  from 
the  surface  with  a  velocity  which  is  small  compared  with 
the  initial  velocity  of  the  particles  composing  the  secondary 
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Rontgen  rays.  The  latter  traverse  about  5  millimetres  of 
sir  at  atmospheric  pressnre  before  their  velocity  is  reduced 
by  collisions  with  molecules  to  such  a  Ion*  value  that  they 
cease  to  produce  ions  in  the  gaa.  The  ions  set  free  by  ultra- 
violet light,  on  the  other  hand,  are  not  projected  with 
a  sufficiently  high  velocity  to  produce  othera  by  collisions 
with  the  molecules  of  the  gas,  so  that  there  are  no  positive 
ions  in  the  gas  near  the  surface  of  the  electrode.  A  stream 
of  air  passing  by  the  surface  would  in  this  case  contain 
only  negative  ions,  and  if  it  passed  a  charged  conductor 
the  charge  would  disappear  only  when  the  conductor  was 
positively  charged, 

63.  Telooi^  of  electrons  emitted  from  metal  surfaoea  by 
the  action  of  nltra-violet  lif^t.  An  upper  limit  to  the 
velocity  with  which  negative  ions  are  projected  from  a 
metal  surface  has  been  determined  by  Lenard.  It  may  be 
estimated  by  finding  the  maximum  positive  potential  to 
which  an  insulated  conductor  will  rise  in  a  good  vacuum 
above  a  surrounding  conductor  of  the  same  metal  when 
ultra-violet  light  falls  on  the  insulated  conductor.  If  v^  is 
the  initial  velocity  of  the  ion  normal  to  the  surface,  E  the 
potential  of  the  inner  surface  (the  outer  surface  being  at 
zero  potential),  m  the  mass,  and  e  the  electric  charge  of  the 
ion,  then  the  velocity  of  the  ion  will  be  reduced  to  zero 
before  it  reaches  the  outer  surface  and  will  return  to  the 
inner  surface  if  eE>^mv^.  If  the  lines  of  force  between 
the  two  surfaces  which  terminate  on  the  part  of  the  inner 
surface  on  which  the  light  Mia  are  straight  lines,  then  the 
trajectories  of  the  ions  that  start  in  a  direction  normal  to 
the  inner  surface  will  also  be  straight  lines  and  the  ions 
will  come  to  rest  before  they  touch  the  outer  surface. 
If,  however,  the  lines  of  force  are  curved,  all  the  ions  may 
traverse  carved  paths  and  not  come  to  rest  at  any  point,  and 
the  observed  value  of  E  would  he  m(w^*  —  v,*)/^e,  where  v^  is 
the  minimum  velocity  of  the  ions  on  arriving  at  the  outer 
boundary.  In  &ct,  when  the  ions  collide  with  the  outer 
boundary  they  may  have  a  considerable  velocity  in  the 
tangent  plane. 

E  2 
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Lenard*  found  that  a  positive  potential  of  2-1  volts  was 
sufficient  to  prevent  iona  from  escaping  from  an  aluminium 
suiface,  and  the  potential,!  while  vaiying  with  the  wave- 
length of  tiie  light,  was  not  affected  by  the  intensity.  The 
latter  quality  can  be  altered  without  changing  the  nature 
of  the  light  by  using  the  same  source  at  different  distances 
from  the  aluminium  surface. 

68.  Telocity  independent  of  the  temperature.  Experi- 
ments of  a  similar  kind  on  various  metals  in  a  highly 
exhausted  enclosure  were  made  by  Millikan  and  Win- 
chester,} in  order  to  investigate  the  influence  of  temperature 
on  the  positive  potentials  to  which  metals  rise,  and  also  the 
effect  of  temperature  on  the  total  number  of  ions  set  free 
from  a  surface.  They  found  that  neither  of  these  quantities  * 
was  affected  by  variations  of  temperature.  The  positive 
potentials  which  they  obtained  for  the  various  metals  are  as 
follows:  silver  1-340,  iron  1-225,  gold  1-215,  brass  1174, 
copper  M35,  nickel  1-126,  magnesium  -830,  aluminium 
■738,  antimony  -394,  ziuo  -197,  and  lead  -0,  and  they 
remained  constant,  within  the  experimental  error,  over  a 
range  of  temperature  from  26°  C.  to  95°  C. ;  also  there  were 
no  changes  in  the  potentials  when  the  intensity  of  the  light 
was  altered.  The  results  thus  obtained  are  interesting,  as 
they  show  that  the  ions  are  set  fi-pe  with  the  same  velocity 
tinder  different  physical  conditions.  As  to  the  absolute  , 
valuesof  the  potentials,  it  is  difficult  to  reconcile  the  number 
•738  obtained  for  aluminium  with  the  number  2-1  obtained 
by  Lenard;  it  may  be  that  in  Millikau  and  Winchester's 
experiments  the  lines  of  force  from  the  metal  disc  on  which 
the  light  fell  did  not  ran  straight  to  the  surrounding  gauze, 
or  that  the  field  of  force  round  the  disc  was  affected  by  : 
electromotive  forces  of  contact  due  to  the  presence  of  diffe- 
rent metals.    What  is  important,  however,  is  that  there  is  no  ' 


*  P.  Lenard,  Wien.  Ber.,  Abt.  2*,  p.  1&49,  Oct.  19,  1899,  and  Annalen 
der  PhjBik,  (4)  2,  p.  359, 1900. 
i  P.  Lenard,  Annalen  der  Phjsifc,  (4)  8,  p.  149, 1902. 
t  B.  A.  Hillikan  and  Q.  Winchester,  Phil.  Ifag.  (6)  14,  p.  188, 1907. 


PEODUOING  IONS  IN  GASE3  53 

temperature  effect,  and  in  this  respect  the  action  of  ultra- 
violet light  in  generating  ions  resembles  that  of  Bontgen 
rays. 

It  should  be  mentioned  that  the  influence  of  temperature 
on  the  number  of  ions  set  free  had  previooaly  been  investi- 
gated by  other  phyaiciata,  but  there  was  no  agreement 
between  their  results,  and  it  would  be  difficult  to  decide 
from  them  what  effect,  if  any,  was  produced  by  altering  the 
temperature.  AstheexperimentsofMillikan  and  Winchester 
were  conducted  in  a  good  vacuum  they  are  probably  not 
subject  to  so  many  indirect  influences,  and  it  is  reasonable 
to  suppose  that  their  conclusions  are  the  most  reliable-  One 
of  the  earlier  investigations  made  by  Elster  and  Geitel  *  on 
the  influence  of  temperature  led  to  the  conclusion  that  the 
photo-elecbric  effect  at  the  surface  of  potassium  in  a  good 
vacuum  increased  by  about  60  per  cent,  when  the  tempera- 
ture was  raised  from  20-3'*  0.  to  SO-S"  0.  With  zinc,  Elster 
and  Geitel  found  that  an  increase  of  temperature  did  not 
alter  the  photo-electric  effect. 

64.  Fhoto-electrio  effect  as  a  Amotion  of  the  distance 
ttom  the  origin.  The  law  connecting  the  number  of  ions 
liberated  from  a  surface  with  the  intensity  of  the  light  has 
been  investigated  by  Lenard.f  and  more  recently  by 
Griffith.  X  Lenard  concluded  that  the  number  of  ions  set 
free  &om  a  surface  is  proportional  to  the  intensity  of  the 
light.  The  numbera  he  found  experimentally,  however, 
indicate  a  more  rapid  variation  in  the  photo-electric  effect 
than  in  the  intensity  of  illumination.  Thus,  if  E  la  the 
number  of  ions  set  free  by  the  action  of  light  of  intensity 
/,  the  experiments  gave  E  ^  231  when  /  =  23-6,  and 
E=  10-6  when  /=  1-44.  In  the  experiments  made  by 
Griffith,  the  quantities  were  varied  over  large  ranges,  and 
by  using  a  veiy  sensitive  apparatus  to  multiply  the  quantity 
E  it  was  possible  to  measure  accurately  the  photo-electric 
effect  at  distances  from  ID  centimetres  to  138  centimetres 

*  J.  EMer  and  H.  Qeitel,  Wied.  Ann.  48,  p.  625, 1893. 
t  P.  Lenard,  Ann.  dee  PhyBik,  (4)  8,  p.  149, 1902. 
t  I.  0.  Griffith,  Phil.  Mag.  (6)  14,  p.  297, 1907. 
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from  the  origiu  of  the  light,  which  in  this  case  was  a  spark 
gap  between  aluminium   terminals   in  a   circuit  through 
which  a  Leyden-jar  discharge  took  place.      In  the  experi- 
ments at  the  shortest  distance  two  quartz  plates  were  placed 
hetween  the  origiu  and  the  detector,  aud  at  the  longer 
distances  the  plates  were  fixed  to  the  end  of  a  long  wide 
tube  which  was  then  exhausted.    It  was  thus  possible  to  \ 
secure  that  the  absorption  of  light  should  he  the  same  in   i 
each  case,  so  that  the  reduction  in  the  intensity  for  the 
different  distances  was  accurately  proportional  to  the  inverse   i 
square  of  the  distance.    The  numbers  obtained  in  a  series  1 
of  experiments  are  given  in  the  following  table,  r  being  the 
distance  of  the  zinc  surface  from  the  origin,  in  centimetres : 

r  10  37-6  110-2  138                              < 

I  126  8-63            I  -64 

E  318  15-7             I  -43 

E/I  2-52  1-82            1  -67 

The  diminution  of  the  ratio  E/I  with  decreasing  values  oi   ; 
/is  to  be  expected  on  the  ordinary  electromagnetic  lieory    i 
of  light,  in  which  the  intensity  of  the  electric  and  magnetic 
forces  from  a  vibrating  system  are  supposed  to  be  inversely 
proportional  to  the  distance  from  the  origin.    It  is  obvious    ' 
that  negative  electricity  in  a  metal  is  not  in  a  state  at    i 
ordinary  temperature  that  it  can  he  made  to  move  into 
a  gas  when  acted  on  by  a  small  force.    If,  therefore,  negative 
ions  are  set  free  from  a  metal,  the  force  applied  to  them 
must  exceed  a  certain  order  of  magnitude,  so  that  when  the 
intensity  of  the  light  diminishes,  the  value  of  £must  become 
zero  for  certain  small  values  of  J.    The  above  experiments    < 
support  this  view  of  the  constitution  of  the  waves  of  light, 
inasmuch  as  they  show  that  the  quantity  E  diminishes  more    | 
rapidly  than  /,  and  may  therefore  become  zero  when  the    | 
intensity  /  has  certain  small  values. 

65.  Effect  of  Bdnt^en  rays  as  a  Amotion  of  the  distance     I 
from  ttie  origin.    The  effect  thus  obtained  with  ultra-violet 
light  is  different  from  what  has  been  observed  in  the    j 
corresponding  case  of  Eontgen  rays,  for  the  number  of  ions 
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produced  per  tmit  length  of  a  narrow  beam  was  found  to  be 
constant,  so  that  the  ratio  E/I  would  be  constant  if  E  denoted 
the  number  of  ions  produced  per  cubic  centimetre  by  a  beam 
of  intensity  /. 

This  property  of  the  rays  has  been  care&lly  examined  by 
Gill,*  and  the  number  of  ions  generated  by  a  narrow  beam 
was  found  to  be  constant  up  to  a  distance  of  one  metre  from 
the  origin. 

Thus  there  appears  to  be  a  remarkable  difference  between 
a  beam  of  Kdntgen  rays  and  a  beam  of  ultra-violet  light,  but 
perhaps  if  the  experiments  with  Bdntgen  rays  had  been 
carried  out  with  less  penetrating  rays,  the  ratio  E/I  would 
have  diminished.  As  &r  as  the  results  hitherto  obtained 
are  concerned,  it  would  be  dIfEcult  to  reconcile  this 
property  of  the  rays  with  the  ordinary  theory  of  electro- 
magnetic waves  or  pulses,  so  that  some  of  the  supporters  of 
that  theory  have  suggested  that  the  electric  intensity  is 
neither  uniform  nor  varies  continuously  in  the  wave-front 
of  a  pulse,  but  is  located  on  very  small  areas  in  which  the 
intensity  does  not  diminish  as  the  beam  of  rays  opens  out. 
Many  physicists,  accustomed  to  believe  in  the  theory  of 
wave-motion  as  illustrated  by  the  properties  of  light,  find  it 
impossible  to  accept  this  view,  and  indeed  it  is  obvious  fVom 
the  results  of  Griffith's  experiments  that  a  beam  of  ultra- 
violet light  cannot  be  constituted  in  this  way. 

56.  Properttes  of  ultra-violet  raTs.  The  action  of  ultra- 
violet light  on  a  metal  surface  provides  a  method  of 
obtaining  negative  ions  which  is  very  convenient  for  many 
purposes.  Thus,  for  experiments  at  low  pressures,  it  can 
easily  be  arranged  to  bring  a  beam  of  light  tl^ongh  a  quartz 
window  into  ui  exhausted  chamber,  and  ions  are  set  iree 
from  a  metal  surface  in  large  numbers  even  with  the  lowest 
pressures  obtainable.  When,  however,  rays  that  ionize  the 
molecules  of  the  gas,  such  as  Bontgen  rays,  are  used,  the 
number  of  ions  diminishes  as  the  pressure  is  reduced,  and 
at  very  low  pressures  (of  the  order  of  one  millimetre  of 

•  E.  W.  B.  QUI,  FhiL  Uag.,  (6)  23,  p.  114, 1912. 
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mercury)  it  becomes  diffionlt  to  make  accurate  measurements 
of  the  small  electrical  effects  they  produce.  A  beam  of 
ultra-violet  light  may  also  be  focused  by  a  quartz  leus  on  a 
surface  or  converted  into  a  parallel  beam  which  can  be  used 
at  a  long  distance  &om  the  origin,  as  there  is  no  loss  of 
intensity  except  that  due  to  the  absorption  of  the  air.  The 
intensity  may  be  reduced  to  any  required  amount  by  passing 
the  beam  vertically  through  a  ahalJow  vessel  containing 
a  suitable  depth  of  water. 

The  best  sources  of  ultra-violet  light  are  the  arc-lamp, 
the  mercury  vapour-lamp  in  a  quartz  tube,  aud  the  spark 
across  an  air-gap  through  which  a  series  of  condenser 
discbarges  takes  place.  The  most  intense  light  is  obtained 
by  the  first  two  methods,  but  the  latter  provides  the  most 
coustAnt  source  and  the  light  is  sufficiently  intense  for  most 
experimental  purposes. 

67.  Fhoto-eleotrio  ourrents  of  difibrent  intensitieB.  The 
rate  of  discharge  of  negative  electricity  from  a  metal  under- 
goes large  variations  depending  on  the  state  of  the  sur&ce. 
Thus  a  zinc  surface  immediately  afler  it  baa  been  cleaned 
with  sand-paper  or  turned  in  a  lathe  may  be  twenty  times  as 
sensitive  to  the  action  of  the  light  as  the  same  surface  after 
it  has  been  exposed  to  the  air  for  two  or  three  days.  In  the 
latter  state  it  is  not  subject  to  large  variations,  and  exposure 
to  light,  which  in  some  cases  produces  a  temporary  diminu- 
tion in  the  photo-electric  effect,  does  not  affect  the  less 
sensitive  surface,  so  that  there  is  an  advantage  in  using 
a  surface  that  has  been  exposed  to  the  air  for  some  time. 
Owing  to  these  causes  it  is  difficult  to  determine  the  relative 
values  of  the  rates  of  discharge  from  various  metals,  and 
there  is  little  agreement  between  the  results  obtained  by 
different  physicists  as  the  surfaces  wore  not  prepared  in  the 
same  way. 

Ladenburg,*  who  investigated  the  subject,  using  metala 
that  had  been  polished  once  with  emery  and  oil,  obtained 
the  following  relative  values  for  the  photo-electric  effecto  for 

'  K  Udeobarg,  Ann.  der  Phys.  (4)  IS,  p.  658,  1903. 
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metals  in  a  high  vacaom :  platinnm  2-81,  copper  2-45, 
zinc  2-22,  brass  2-01,  ailver  1'31,  antimony  1-20,  lead  -89, 
bismath  -78,  iron  -ei,  nickel  -52.  It  was  found  that  the 
numbers  were  not  conatant,  bnt  showed  large  variations  with 
the  polishing  of  the  surface. 

In  order  to  avoid  any  effect  that  might  arise  &om  a  film 
of  oil  on  the  surface,  Millikan  and  Winchester  polished  the 
surfaces  with  dry  emery,  and  then  washed  them  in  alcohol 
and  dried  byheatingto  400°0.  The  photo-electric  currents 
in  arbitrary  units  which  they  obtained  when  the  metals 
were  in  a  high  vacunm  are :  copper  25-1,  gold  24*7,  nickel 
24-0,  brass  23-8,  silver  17-16,  iron  16-4,  aluminium  14-9, 
magnesium  ll-O,  antimony  4-0,  zinc  1-2,  lead  0-9.  The 
heating  process  that  was  used  to  diy  the  metals  must  have 
oxidized  some  of  them  more  than  others,  so  that  it  is  not 
surprising  that  the  results  do  not  agree  with  those  of  other 
observers.  For  instance,  zinc  and  aluminium  that  have  not 
been  heated  are  usually  found  to  be  more  sensitive  to  the 
action  of  the  light  than  is  indicated  by  these  numbers. 

66.  Early  InvestigationB  of  eleotrioal  properties  of  gases. 
In  the  other  well-known  methods  of  obtaining  gases  that 
conduct  at  ordinary  temperatures,  the  ions  as  a  rule  move 
through  the  gas  with  velocities  that  are  very  small  com- 
pared with  those  acquired  under  similar  conditions  by  the 
ions  generated  by  Boutgen  rays.  Some  of  the  electrical 
phenomena  that  occur  in  these  oases  were  discovered  many 
years  ago,  and  are  mentioned  among  the  earlier  researches 
that  were  made  at  a  time  when  the  nature  of  the  effects  that 
were  obtained  was  imperfectly  understood.  An  interestiiig 
account  is  given  by  Yolta  *  of  some  of  these  experiments, 
which  he  made  in  company  with  Lavoisier  and  Laplace. 
They  found,  for  example,  that  electricity  was  obtained  from 
the  evaporation  of  water,  from  the  combustion  of  coal,  and 
from  the  effervescence  of  iron-filings  in  dilute  sulphuric 
acid. 

The  effects  they  obtained  were  probably  due  to  the  fact 

•  A.  Volta,  Pha.  Trans.  72,  p.  275,  1782. 

D,=,i,z<,d=vGoogIe 


68  THE  METHODS  OF 

that  in  many  cases  an  excess  of  ions  of  one  sign  is  set  free 
in  the  gas,  so  that  electrical  charges  were  carried  by  air 
currents  away  from  the  insulated  conductors. 

"With  regard  to  the  evaporation  of  water,  the  experiments 
made  by  Volta  on  this  point  are  open  to  various  interpreta- 
tions. The  method  adopted  in  most  cases,  apparently,  was 
to  place  some  burning  charcoal  on  an  insulated  plate,  and  to 
throw  water  on  the  charooal.  The  alteration  in  the  potential 
of  the  plate  that  ensued,  which  no  doubt  was  considerable, 
was  attributed  to  the  evaporation  of  the  water. 

It  may,  however,  be  easily  shown  that  if  the  vapour 
escaping  from  a  charged  sur&ce  of  water  carries  with  it  any 
charge  it  must  be  very  small.  Many  experimenters  have 
failed  to  observe  any  loss  of  charge  from  a  liquid  due  to 
evaporation.  Pellat,*  in  his  experiments  on  this  subject, 
made  observations  extending  over  an  hour  and  was  then 
able  to  detect  only  a  very  small  loss  from  a  large  surface  of 
water,  with  a  very  sensitive  apparatus.  But  considerable 
electrical  effects  may  be  obtained  by  splashing  water,  as 
were  first  noticed  by  Lenard,t  who  observed  that  the  air  in 
the  neighbourhood  of  waterfalls  is  negatively  electrified. 
Also,  Kelvin  {  found  that  air  becomes  charged  with  negative 
electricity  when  it  is  babbled  through  pure  water,  the 
density  of  the  electrification  being  diminished  when  small 
qoantities  of  acids  or  salts  are  dissolved  in  the  water. 

The  properties  of  these  conducting  gases  have  recently 
been  studied  more  systematically,  and  some  information  as 
to  the  nature  of  the  electrical  properties  of  the  gases  has 
been  obtained. 

It  is  intended  here  to  mention  only  the  investigations 
which  show  how  the  general  character  of  the  conductivity 
can  be  completely  explained  on  the  hypothesis  that  positive 
and  negative  ions  are  formed  in  the  gas,  or  that  ions  are  set 
free  from  the  surface  of  incandescent  solids,  which  move 
through  the  gas  under  the  action  of  an  electric  force. 

>  H.  Petlat,  Comptes  readua,  128,  p.  169,  1899. 

t  P.  Lenard,  Wied.  Ann.  46,  p.  534,  18S2. 

{  Lord  Kelvin,  Proc.  Roj.  Soc  67,  p.  335, 1894. 


PEODUOING  IONS  IN  GASES 


59 


50.  CondaotJTity  prodooed  by  fluuQs.  Velooity  of  ioas 
in  flame  gases.  Among  thd  causes  of  this  kind  whereby  the 
conductivity  of  a  gas  is  increased,  the  action  of  flames  ia 
of  special  intereet,  as  it  was  a  study  of  the  electrical  property 
of  gases  rising  from  flames  that  led  Giese*  to  propose  the 
theoiy  of  ionization  that  has  been  found  to  account  for 
many  of  the  characteristic  features  of  the  conductivity  of 
gases. 

In  order  to  show  that  the  conductivity  is  not  due  to  the 


Figure 


escape  of  electricity  from  the  sor&ce  of  the  metal  electrodes, 
these  may  be  placed  at  a  distance  from  the  flame  where 
they  remain  cool.  The  explanation  of  the  conductivity 
between  the  electrodes  A  and  B  when  placed  in  the  position 
shown  in  figure  9  would,  according  to  Giese's  theory,  be  as 
follows : 

The  positive  and  negative  ions  generated  in  the  flame 
move  in  opposite  directions  from  the  flame  under  the 
electric  force,  and  after  passing  through  the  air  reach  the 
electrodes. 

*  W.  Qieee,  Wied.  Ann.  17,  p.  519,  1882. 
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When  the  gases  above  the  flame  are  examined  in  a  similar 
manner  the  currents  axe  much  smaller,  which  is  due  to  the 
recombination  of  positive  and  negative  iona  that  takes  place 
in  the  time  that  elapses  between  the  formation  of  the  ions 
in  the  flame  and  the  arrival  of  gaa  in  the  field  of  force 
between  the  electrodes.  Giese  points  out  that  the  rate  of 
recombination  is  greatest  when  there  are  a  large  number  of 
positive  and  negative  ions  in  the  gas,  and  when  there  are 
a  small  number  the  chance  of  positive  and  negative  ions 
coming  into  contact  is  veiy  small,  so  that  the  gas  retains 
a  small  ooudnctivity  for  a  considerable  time  after  it  has  left 
the  flame. 

In  many  respects  the  currents  between  the  electrodes  for 
different  forces  are  of  the  same  kind  as  those  obtained  when 
Bbntgen  rays  are  passed  through  parallel  plates.  The 
currents  increase  with  the  force,  and  with  certain  large 
forces  a  maximum  current  is  obtained.  The  maximum 
current  is  attained,  in  the  case  where  the  conducting  gas 
moves  between  the  electrodes,  when  the  force  is  suf&cient 
to  collect  on  the  electrodes  all  the  ions  that  are  brought 
between  them  before  they  are  carried  out  of  the  field  of 
force  by  the  stream,  or  before  the  eflTect  of  recombination 
has  had  time  to  produce  an  appreciable  reduction  in  the 
conductivity  when  the  electrodes  are  long  in  the  direction 
of  the  stream  and  the  stream  moves  slowly.  The  force 
necessary  to  obtain  the  mazimtun  current  thus  obviously 
depends  on  the  mobility  of  the  ions.  McClelland*  invest!' 
gated  in  detail  the  mobilities,  and  found  that  in  the  gas 
above  the  flame  the  velocities  of  the  ions  under  the  electric 
force  were  much  smaller  than  those  of  ions  generated  by 
Bontgen  raya,  and  he  also  observed  that  the  velocity 
diminished  as  the  distance  from  the  flame  to  the  electrodes 
increased.  He  attributed  this  effect  to  the  condensation  of 
water  vapour  and  other  products  of  combustion  on  the  ions 
as  the  temperature  of  the  gas  diminished. 

60.  Inoandeaoent  metals.  Another  case  of  interest  in 
which  the  phenomena  are  very  complicated  is  the  ionization 
*  J.  A.  McClelland,  Phil.  Hag.  (5)  46,  p.  29, 1996. 
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dae  to  incandescent  metala.  Metal  Borfaces  when  cool  do 
nob,  when  charged  to  the  highest  potentials  that  can  be 
applied,  give  off  positive  or  negative  ions,  bnt  when  the 
temperature  is  raised,  ions  are  produced  at  the  sar&oe  whioh 
move  throngh  the  air  under  an  electric  force.  At  first  only 
positive  ions  are  set  &ee ;  so  that  if  the  metal  were  positively 
charged  it  would  lose  its  charge,  but  if  negatively  charged 
the  charge  does  not  escape  into  the  air.  When  the  tempera- 
tare  is  raised  to  a  higher  point,  both  positive  and  negative 
ions  are  generated  at  the  surface,  and  electricity  of  either 
kind  escapes  from  the  metaL 

McClelland  examined  the  stream  of  air  which  passed  an 
incandescent  wire  at  one  point  of  its  course,  and  found  that 
positive  electricity  could  be  collected  on  an  electrode  when 
the  wire  began  to  glow.  As  the  temperature  increased, 
negative  ions  were  also  found  in  the  stream,  and  when  the 
temperature  exceeded  400°C.  and  the  metal  became  bright 
yellow,  the  air  contained  positive  and  negative  ions  in  equal 
quantities.  The  conducting  air  drawn  from  the  neighbour- 
hood of  the  wire  has  all  the  properties  of  air  containing 
a  large  number  of  positively  and  negatively  charged  carriers 
which  move  slowly  under  an  electric  force.  A  msximmn 
current  can  be  obtained  when  large  electric  forces  are  need, 
and  the  stxeam  is  then  deprived  of  its  conductivity. 

61.  Chemioal  action.  Hass  assooiated  with  Ute  ions.  An 
example  of  a  process  in  which  ions  are  generated  in  air  at 
ordinary  temperatures  is  to  be  found  in  the  case  of  the 
conductivity  produced  in  the  air  surrounding  a  stick  of 
moist  phosphorus.  Bloch*  examined  the  stream  of  air 
which  had  passed  over  phosphorus,  and  it  was  found  to  have 
the  same  properties  as  air  that  had  passed  over  an  in- 
candescent wire.  The  mobility  of  the  ions  was  also  examined 
in  this  case,  and  they  were  found  to  move  very  slowly  under 
an  electric  force  of  one  volt  per  centimetre,  the  velocity 
ranging  from  -003  to  -0003  centimetre  per  second  when  the 
gas  was  dry. 

*  E.  Bloch,  Thfege  de  Doctorat,  PariB,  June  1904. 
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The  effects  obtained  with  air  drawu  from  the  neighbottr- 
hood  of  phosphorus  resembles  in  many  respects  those 
obtained  in  newly  prepared  gases,  as  for  instance  the  oxygen 
and  hydrogen  given  off  by  electrolysis  of  alkaline  or  acid 
solutions. 

The  ions  in  these  gases  move  very  slowly  under  an 
electric  force,*  and  there  Is  generally  an  excess  of  electricity 
of  one  kind  in  the  gas.  This  can  easily  be  observed  by 
passing  the  gas  into  an  insulated  vessel  connected  with  an 
electrometer.  In  this  case,  as  in  all  others  in  which  the 
carriers  of  the  atomic  charge  are  very  large  compared  with 
atomic  dimensions,  the  gas  may  be  sent  through  long 
lengths  of  narrow  tubing  or  kept  in  enclosed  spaces  for 
several  minutes  without  losing  their  conductivity  or  their 
charge.  This  is  due  to  the  small  velocity  of  agitation  of  the 
ions  of  large  mass,  for  the  rate  of  recombination  or  diffusion 
to  the  sides  of  a  tube  depends  on  the  velocity  of  agitation. 
This  property  must  not  be  coniiised  with  a  similar  property 
of  gases  containing  emanation.  When  a  gas  contains  ions 
of  large  dimensions  they  can  be  removed  bypassing  the  gas 
through  a  strong  field  of  force  between  two  electrodes,  and 
the  gas  emerges  with  its  normal  insulating  power,  which  it 
retains.  When  a  gas  containing  radio-active  emanation  is 
treated  in  a  similar  maimer,  the  ions  in  the  gas  are  removed, 
but  the  uncharged  molecules  of  the  radio-active  gas  are 
carried  along  with  the  stream  and  continue  to  generate  ions 
in  the  gas  which  renew  the  conductivity, 

•  PhiL  Uag.  (5)  46,  p.  172,  189a 
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CHAPTER  III 

THE  MOTION  OF  IONS  IN  GASES 

62.  Fbenomena  dae  to  the  motiOQ  of  Iodb.  The  deter- 
taination  of  the  curreBta  between  two  electrodes  in  a 
conducting  gas  corresponding  to  different  applied  electro- 
motive forces  has  formed  the  subject  of  many  researches, 
the  ions  having  been  generated  under  different  conditions 
in  the  various  experiments.  The  simplest  case  to  consider 
is  that  in  which  the  gas  is  at  rest  in  the  space  between  two 
parallel-plate  electrodes  and  the  ions  are  generated  in  the 
gas  by  a  beam  of  Kdntgen  rays  or  Becquerel  rays.  When 
no  electromotive  force  is  applied,  the  ions  generated  by  the 
action  of  the  rays  increase  in  number  until  the  rate  at 
which  they  are  lost  by  recombination  or  by  diffusion  to 
the  electrodes  ia  equal  to  the  rate  at  which  they  are 
generated.  The  number  that  recombine  per  second  in  anit 
volume  is  proportional  to  the  product  of  the  numbers  of 
positive  and  negative  ions  present,  and  the  number  lost 
per  second  by  coming  into  contact  with  the  boundary 
(which  iu  this  case  consists  of  the  two  plate  electrodes)  is 
proportional  to  the  number  per  cubic  centimetre  in  the 
neighbourhood  of  the  boundary. 

When  an  electric  force  is  applied,  the  positive  and 
negative  ions  move  in  opposite  directions  towards  the 
electrodes.  The  greater  the  velocity  of  the  ions  the  smaller 
the  number  left  in  the  gaa,  so  that  the  number  that  recom- 
bine diminishes  as  the  force  increases.  Also,  since  the 
positive  ions  move  away  from  the  positive  electrode,  the 
number  that  come  into  contact  with  that  electrode  by 
diffusion  diminishes  as  the  force  increases ;  similarly  with 
the  negative  ions.    With  sufBciently  high  forces,  a  point 
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ia  reaohed  when  the  length  of  time  the  ions  are  in  the  gas 
is  so  short  that  the  namber  that  recombine  is  inappre- 
ciable, and  practically  all  the  ions  of  one  kind  generated  . 
by  the  rays  are  collected  on  the  electrode  charged  with 
electricity  of  the  opposite  sign-  The  current  obtained  with 
large  forces,  therefore,  has  a  maximum  value,  known  as 
the  saturation  current,  which  is  equal  to  the  charge  on  . 
alt  the  ions  of  one  sign  generated  per  second  in  the  gas. 

OS.  Variation  of  current  with  eleotrio  force.  Q«neral 
ohuraoter  of  experimental  remits.  The  relation  between 
the  current  and  the  potential  difference  between  the  elec- 
trodes was  detennined  experimentally  with  different  gases 
and  for  electrodes  of  various  shapes  when  the  first  investi- 
gations of  the  properties  of  the  rays  were  being  made.  In  • 
all  cases  the  current  was  found  to  be  proportional  to  the 
force  when  small  forces  were  used.  The  rate  of  increase 
of  the  current  with  the  force  diminished  as  the  force  was 
increased,  and  finally  for  large  forces  a  maximum  current 
was  obtained.  The  main  features  of  all  the  curves  exhibit- 
ing the  connection  between  the  current  and  the  electro- 
motive force  were  the  same,  but  they  difll'ered  in  points 
of  detail  according  to  the  various  conditions  under  which 
the  experiments  were  made. 

04.  Potential  gradient  between  parallel-plate  eleotrodes. 
It  is  difficult  to  calculate  mathematically  the  equation  of 
the  corrent-electric-force  curve  in  the  general  case  for 
parallel-plate  electrodes,  when  recombination  and  diffusion 
are  in  progress,  as  the  problem  becomes  very  complicated 
owing  to  the  fact  that  the  number  of  ions  per  cubic  centi- 
metre varies  at  different  points  of  the  gas.  Thus  in  the  space 
adjacent  to  an  electrode  the  number  of  ions  approaching 
the  electrode  exceeds  the  number  receding,  since  the  former 
number  contains  ions  generated  at  all  parts  of  the  field, 
whereas  the  latter  only  contains  ions  that  are  generated  in 
the  narrow  layer  near  the  electrode.  The  charges  on  the 
excess  of  negative  ions  in  the  gas  near  the  positive  electrode, 
and  on  the  excess  of  positive  ions  near  the  negative  electrode, 
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distarb  the  electric  field  so  that  the  force  is  increased  near 
the  surfaces  of  the  electrodes  and  diminished  in  the  space 
midway  between  the  electrodes.  This  effect  of  polarization 
due  to  charges  in  the  gas  is  appreciable  when  the  ratio 
of  the  current  to  the  electric  force  is  above  a  certain' 
value. 

The  electric  force  at  different  points  in  a  current  between 
two  parallel  plates  baa  been  investigated  experimentolly  by 
Zeleny*  and  Child-f      The  potential  gradient  as  deter- 


Figare  10. 

rained  by  the  potential  assumed  by  au  insulated  wire 
parallel  to  the  electrodes,  or  by  a  metallic  point,  showed 
that  the  electric  force  was  greatest  near  the  electrodes  and 
nearly  constant  for  some  distance  about  midway  between 
the  plates- 
It  was  also  found  that  the  field  was  not  symmetrical  about 
the  central  plane,  the  force  being  greater  at  the  negative 
electrode  than  at  the  positive  electrode.  This,  as  has  been 
shown    by  Zeleny,  is  due   to  the   fact   that   the   negative 
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ioQS  move  faster  than  the  positive  ions  when  in  tbd 
same  field  of  force,  so  that  there  is  an  excess  of  posittvd 
electricity  in  the  gas  which  increases  the  force  at  thA 
negative  electrode  and  diminishes  it  at  the  positive  elec- 
trode. The  experimental  results  may  be  represented  by 
the  carve  in  figare  10,  the  ordinate  y  being  the  force  at 
any  point  in  the  gas,  and  the  abscissa  x  the  distance  of 
the  point  from  the  negative  electrode.  If  q  be  the  charge 
per  unit  volume  at  a  point  x,  the  difference  dT  between  the 
forces  at  the  points  x  and  x  +  dx  is  given  by  the  equation 
d7 


-4  wg  = 


dx 


=  taud,  and   the  curve  therefore  shows  that 


there  is  a  positive  charge  in  the  neighbourhood  of  the 
negative  electrode  and  a  negative  charge  near  the  positive 
electrode. 


Figure  11. 


66.  Charge  in  the  gas  near  the  eleotrodes.  This  result 
is  in  agreement  with  the  experiments  made  by  Zeleny  on 
the  distribution  of  charge  in  the  air  between  two  parallel- 
plate  electrodes  when  a  current  is  flowing.  The  principle 
of  the  method  that  was  used  is  shown  in  figure  1 1 . 

The  air  between  the  two  plates  A  and  B  is  ionized  by 
Bontgen  rays  and  a  current  is  maintained  between  them 
by  a  battery  of  cells  the  centre  of  which  is  connected  to  the 
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air-tight  case  which  contains  the  electrodes.  The  tubes  T, 
and  T,  project  throagh  the  sides  of  the  case,  and  are  movable 
in  &  vertical  direction  so  that  they  may  be  placed  at  Tarious 
distances  from  the  electrodes.  When  a  current  of  air  is 
blown  into  the  tube  7",  it  escapes  from  the  box  throagh  the 
opposite  tnbe  T^  and  carries  with  it  some  of  the  Ions  moving 
in  the  gas^Bnder  the  electric  force.  The  ions  in  the  stream 
of  air  are  discharged  by  the  wool  in  the  iDsnlated  tube  W 
and  the  electrometer  gives  a  deflection  proportional  to  the 
bharge  in  the  air.  When  the  tubes  T^  and  T^  were  near 
the  positive  electrode  the  electrometer  acquired  a  negative 
bharge  as  the  stream  of  air  passed  through  the  wool. 
When  the  tubes  were  moved  towards  the  negative  electrode 
the  charge  in  the  air  diminished  and  was  practically 
begligible  at  points  near  the  centre  of  the  field.  Aa  the 
tubes  approached  the  negative  electrode  the  charge  became 
t)08itiv6  and  was  a  ma;cimum  when  the  tubes  were  near  the 
hegative  electrode. 

These  experiments  are  interesting,  as  they  afford  direct 
Evidence  of  charges  in  the  gas  in  the  neighbourhood  of  the 
blectrodes,  and  also  show  that  the  charges  vary  from  point 
to  point  in  agreement  with  the  theory,  but  it  would 
bbvioasly  be  impossible  to  deduce  from  the  results  the 
kxact  value  of  the  charge  at  a  point  in  the  gas  between  the 
electrodes  when  the  current  is  flowing. 

66.  Potential  assnmed  b;  an  insulated  wire.  A  diffi- 
culty also  arises  in  drawing  accurate  conclusions  from  the 
^tentials  assumed  by  a  wire  in  the  conducting  air,  as  there 
Is  good  reason  to  believe  that  the  potential  at  points  in 
the  gas  along  a  line  parallel  to  a  plane  electrode  is  not  the 
Rame  as  the  potential  assumed  by  a  wire  when  its  axis  is 
dlong  those  points. 

Thus  in  the  case  of  a  wire  placed  near  the  positive 
electrode,  ita  potential  being  initially  the  same  as  that  of 
the  gas,  two  streams  of  ions  move  in  opposite  directions 
past  the  sides  of  the  wire,  one  containing  a  large  number 
of  negative  ions  and  the  other  a  smaller  number  of  positive 
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ions.    It  intercepts  more  negative  ions  than  positive  ions, 
80  that  its  potential  falls  below  the  potential  of  the  gas. 
The  charge  thus  acqaired  by  the  wire  increases  until  the  ■ 
effect  which  it  produces  in  attracting  positive  and  repelling 
negative  ions  caasea  them  to  come  into  contact  with  the    : 
wire  in  equal  numbers.    The  final  value  of  the  potential 
assumed  by  the  wire  is  therefore  less  than  the  gas,  and  the    , 
force  near  the  electrodes  as  determined  experimentally  is 
too  high  by  an  amount  which  is  difficult  to  estimate- 

67.  Mathematical  investigations  of  the  conductivity. 
Several  mathematical  investigations  have  been  made  by 
different  physicists  of  the  distribution  of  force  between 
parallel -pi  ate  electrodes  and  of  the  currents  obtained  with 
various  forces.  Those  made  by  Walker*  and  Itobbf  are  ] 
principally  of  interest  from  a  theoretical  point  of  view, 
and  deal  with  cases  in  which  the  differential  equations 
representing  the  processes  that  take  place  in  the  gas  are 
rendered  more  manageable  by  supposing  that  the  gas  is 
at  particular  pressures,  which  give  convenient  values  to 
some  of  the  constants  involved. 

The  problem  of  finding  the. ratio  of  the  electric  force  X^  ' 
at  an  electrode  to  the  force  X^  midway  between  the  plates 
has  been  investigated  by  Thomson,  {  and  up  to  a  certain 
point  the  investigation  is  interesting,  but  the  conclusion 
obtained,  namely  that  the  ratio  X^/X^  is  equal  to  2*S1  and 
independent  of  the  current  between  the  plates  and  of  the 
intensity  of  the  ionization  produced  by  the  rays,  is  con- 
sistent only  when  the  current  is  a  small  fraction  of  the  I 
saturation  current.  The  ratio  2-51  corresponds  to  the 
conductivity  of  air  at  atmospheric  pressure,  and  at  low 
pressures  the  ratio  X^/X^  is  said  to  vary  inversely  as  the 
square  root  of  the  pressure,  a  result  which  is  not  true  in 
general,  as  it  may  be  seen  from  elementaiy  considerations 
that  the  polarization  diminishes  as  the  pressure  is  reduced. 

*  G.  W.  Walker.  Pliil.  Mag.  (6)  8,  p.  6->0,  1904. 
+  A.  A.  Robb,  Phil.  Hug.  (6)  10,  pp.  237,  664.  1905. 
t  J.  J.  ThoDison,  'Conduction  of  Electricity  through  Gasei',  1906 
edition,  pp.  84-88. 
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and  it  is  possible  to  have  comparatively  large  currents 
flowing  between  parallel  plates  in  a  gas  at  low  pressure, 
wliicli  do  not  disturb  appreciably  the  uniformity  of  Che 
field. 

S8.  Hie*8  mvestigatioQ  of  the  oonduotivity.  The  con- 
ductivity of  a  gas  between  parallel  plates  has  also  been 
investigated  by  Mie  *  for  the  general  case  in  which  the 


Figure  12. 

difierenoe  of  the  velocities  of  the  positive  and  negative 
ions  is  taken  into  consideration,  the  effect  of  diffusion 
being  neglected.  The  air  between  the  plates  is  supposed  to 
be  ionized  uniformly  by  the  action  of  rays,  and  the  effect  of 
recombination  in  reducing  the  currents  corresponding  to 

*  a.  Hie,  Ann.  tier  Phjub,  (4}  13,  p.  857,  1904. 
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low  forces  is  investigated,  as  well  as  the  variation  of  the 
force  in  the  gas  at  different  points  between  the  plates. 
Solutions  of  the  general  differential  equation  were  obtained  ' 
by  a  seriea  of  successive  approximations,  which  are  too 
lengthy  to  be  reproduced  here,  but  the  results  of  the 
calculations  for  air  at  atmospheric  pressure  have  been  given 
in  a  convenient  form  by  means  of  curves,  corresponding  to 
the  cases  in  which  the  currents  are  various  fractions  of  the 
saturation  current  The  curves  given  by  Mie  for  currents 
which  are  l/5th,  2/Sth8,  S/Sths,  4/6th3,  and  9/lOtha  of  the  satu- 
ration current  are  represented  in  figure  12.  The  ordinate  y 
of  the  curve  is  proportional  to  the  force  at  any  point  distant  x 
from  the  negative  electrode.  In  each  case  the  force  is 
greatest  at  the  cathode :  it  has  a  minimum  value  at  a  point 
near  the  middle  of  the  field  and  again  assumes  a  large  value 
at  the  anode.  The  curves  are  not  symmetrical  about  the 
centre  of  the  field,  as  the  velocities  of  the  positive  and 
negative  ions  are  different.  The  negative  ions  move  fastest, 
so  that  there  is  an  excess  of  positive  ions  in  the  space 
between  the  plates  and  the  polarization  at  the  cathode 
is  therefore  greater  than  that  at  the  anode.  The  ratio  of  the  I 
force  at  the  cathode  to  the  miaimum  force  has  its  greatest 
value  2-7  for  a  current  of  l/5th  the  saturation  value,  and  is 
nearly  constant  for  the  smaller  currents ;  as  the  currents  get 
large  the  effect  of  the  polarization  diminishes,  and  when  the 
current  is  9/lOths  of  the  maximum  the  ratio  of  the  force  at 
the  cathode  to  the  minimum  force  is  1-39. 

69,  Conditions  under  vhioh  the  field  of  force  is  approxi-  ' 
mately  uniform.  The  investigation  of  the  conductivity 
obtained  with  forces  that  give  currents  which  are  slightly 
less  than  the  maximum  current  is  of  interest  for  many 
reasons,  and  it  is  possible  to  obtain  a  simple  solution  of 
the  differential  equations,  when  the  effect  of  diffosiou  is 
neglected,  which  can  easily  be  applied  to  gases  at  various 
pressures,* 

When  the  potential  difference  between  the  electrodes  is 

•  Proc.  Roy.  Soc.  A.  BO,  p.  Ti,  1911. 
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sufficiently  large,  the  polarization  may  be  neglected  and 
the  field  of  force  between  parallel  plates  may  be  considered 
uniform.  The  conductivity  in  a  umform  field  is  therefore 
of  a  kind  that  can  be  realized  in  practice,  and  from  the 
solution  obtained  for  that  case  it  ia  easy  to  see  how  the 
chaise  in  the  gas  increases  as  the  force  is  reduced,  and  to 
find  exactly  the  percentage  by  which  the  current  falls 
below  the  maximum  current  before  the  field  of  force  is 
disturbed  to  such  an  extent  as  to  introduce  a  serious  error 
in  the  determination  of  the  current 

In  order  to  find  an  upper  limit  to  the  difierence  between 
the  maximum  force  iT,  to  the  minimum  force  T,  in  a  con- 
ducting gas,  it  is  necessary  to  find  the  charge  per  cubic 
centimetre  of  the  gas  between  the  two  points  at  which  the 
forces  are  acting.  Let  r^  and  i-^  be  the  numbers  of  positive 
and  negative  ions  per  cubic  centimetre,  when  the  steady 
state  in  reached  and  a  current  i  is  flowing.  If  e  be  the 
charge  on  the  ion,  the  current  i  per  unit  area  of  the 
electrodes  is  e  (u,  v^  +  u^ v^),  where  u,  and  u,  are  the 
velocities  of  the  positive  and  negative  ions,  and  if  «f,  =  n, 
)  and  ctj  =  7tj,  then  i  =  n^Uy  +  n^u^.  The  velocities  of  the 
ions  are  proportional  to  the  electric  force,  so  that  u^  =  )[■,  ^ 
and  Uj  =  k^  X,  where  A:,  and  k^  are  the  velocities  under  unit 
electric  force.  Let  a  be  the  distance  between  the  plates, 
and  a;  =  0  at  the  positive  electrode. 

The  difference  between  the  forces  at  two  points  is 

so  that  X,  ~X„  <  4Tr  —  dj>  where  the  integral  is  taken  over 

the  distance  between  the  two  points  at  which  the  maximum 
and  minimum  Ibrces  are  acting,  which  is  less  than  the 
distance  a. 

Hence  X,^X,<  — ;■  j 
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where  u/  is  the  minimum  velocity,  so  that 
X^  —  X,^       4  iria 

If  the  force  X^  be  inoreaaed  to  a  large  valne,  the  current 
i  remaius  constant  when  the  saturation  point  is  reached, 
and  X^  —  Xf  becomes  negligible  in  comparison  with  Xj, 

70.  Efibot  of  recombinatioii  on  the  currents  obtained  with 
large  ibroea.  Let  the  space  between  the  plates  be  ionized 
uniformly  by  rays  producing  g/e  positive  or  negative  ions 
per  cubic  centimetre  per  second,  and  let  the  rate  of 
recombination  be  oie,  so  that  the  number  of  ions  of  either 
kind  that  recombine  per  second  is  aecifj. 

When  the  steady  state  is  reached,  the  rate  at  which  ions 
are  being  generated  per  unit  volume  must  be  equal  to  the 
loss  by  recombination  together  with  the  loss  by  the  motion 
of  the  ions  through  the  boundary  of  the  volume.  When 
the  diffusion  of  the  ions  is  neglected,  the  steady  state  is 
represented  by  the  equation 

or  ^(».«i)=9'-a".% (1) 

also  7i,Uj  +  7i(W2  =  i, (2) 

i  being  the  current,  which  is  the   same  at  all  points  in 
the  gas. 

dUc^- ~" ~ " 

The  velocities  u,  and  u^  are  constant  as  the  field  of  force  is 
uniform,  so  that  on  integration  the  above  equation  gives 


■2  =  ^-ir-j*^\^S'"-^W'ir 
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the  constant  0  being  determined  by  the  conditions  -n,u,  =  i 
when  x  =  a,  and  w^Wj  =  0  when  ic  =  0.  The  latter  condition 
also  gives 


which  shows  the  connection  between  the  current  and  the 
electric  force. 

In  order  to  see  over  what  range  of  forces  the  equation 
may  be  considered  to  hold,  it  is  necessary  to  find  to  what 
extent  the  field  becomes  disturbed  by  the  charge  (n^  —  n^ 
per  cubic  centimetre  of  the  gas.  For  this  puipose  it  will 
be  sufficient  to  consider  that  the  ions  move  with  equal 
velocities,  so  th^  the  force  will  have  the  same  yalae  X-^  at 
each  electrode  and  the  value  X^  at  the  centre  of  the  field. 
If  u,  the  mean  velocity  of  the  positive  and  negative  ions, 
be  substituted  for  Uj  and  u^  in  the  expression  for  the 
current  i,  equation  (3)  becomes 


:«. 

-»,)  =  i 

v^?rTt.n{|i(.- 

-1)' 
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where  k  is  the  mean  velocity  of  an  ion  under  unit  electric 
force,  and  X  the  mean  force  between  the  electrodes. 

71.  Currents  in  air  di  atmospherio  pressure.  As  an  example 
of  the  application  of  equations  (4)  and  (5)  the  conductivity 
produced  in  air  at  atmospheric  pressure  may  be  considered^ 
In  this  case  the  mean  velocity  of  the  ions  may  be  taken  as 
450  centimetres  per  second  under  a  force  of  one  electro- 
static unit  and  a.  =  3400. 
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Equation  (5)  therefore  becomes 

— ~ — -  =  -  3-3  log  cos  <f>, 

where  gg  ^^.  

Since  the  investigation  only  applies  to  cases  where 
(X^  —  X^/X  is  small,  the  angle  ^  must  be  small,  and  the 
above  equation  becomes 

Equation  (4)  becomes  p-—l  =  cof^p  =  ip~'~%  when  ^  is 
small,  and  (6)  reduces  tp  ^  — 

k'r^-  ■ <-" 

which  shows  that  the  current  must  be  nearly  saturated, 
aq  being  the  maximum  value  of  i. 

The  value  of  the  mean  force  X  in  terms  of  the  current  is 
obtained    by   substituting    for  p  and  q  their    values  in 

terms  of  ip  in  the  equation    ^  '  .^ —  =  p\  which  becomes 

— r  =  .  ,  ,    7„  •     When  the  values  of  k, ,  k,  and  a  for  air 
ai      4k^k^  ^'  i'     * 

at    atmospheric    pressure    are    substituted,    the    equation 

reduces  to 

■'-IM* <'"> 

The  equations  (5  a),  (6  a),  and  (7  a)  give  the  corresponding 
values  of  ——  i  —  >  and  — ^^! — -  in  terms  of  the  parameter  A. 

Thus  when  ■«■■«■  /— 


j.,=,i,z<,d=vGoogIf 
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The  figures  in  the  flrat  row  show  that  when  the  curreut 
is  -ti  per  ceaL  less  than  the  maximum  there  is  a  variation 
of  1-6  per  cent,  in  the  electric  force,  and  the  potential 
difference  between  the  plates  required  to  produce  a  current 
that  is  -6  per  cent,  less  than  the  maximum  current  is 

a  Vai       a*  -/q    .  -      .  ,  .  ,     •     -n 

or  since  aq  is  approximately  equal  to  t.    lor 

example,  if  «  =  1  centimetre  and  q  =  10"*  in  electrostatic 
units,  the  potential  required  to  give  a  curreut  'SM  x  10''  is 
6-1  volts  approximately,  since  300  volts  are  equal  to  one 
electrostatic  unit  of  potential. 

In  order  to  see  to  what  extent  the  method  is  accurate 
when  applied  to  currents  several  per  cent,  below  the 
saturation  current,  the  figures  in  the  third  row  may  be 
considered.  In  that  case  the  force  at  the  electrodes  is 
greater  by  14  per  cent,  than  the  force  at  a  point  midway 
between  the  plates.  The  rate  of  recombination  is  greatest 
in  the  latter  region  because  the  product  n,  h^  is  greatest 
there.  The  mean  velocity  of  the  ions  in  the  centre  of  the 
field  where  recombination  is  taking  place  is  therefore  about 
7  per  cent,  less  than  in  the  imdisturbed  field,  and  the 
numbers  of  positive  and  negative  ions  present  are  also 
greater  than  the  computed  numbers  by  the  same  percentage, 
owing  to  the  reduction  in  the  velocity  of  the  ions.  Con- 
sequently the  amount  of  recombination  is  under-estimated 
to  the  extent  of  about  14  per  cent,,  so  that  the  value  of  i 

should  be  --^  instead  of  t^-     Hence  the  true  value  of 

the  current  is  about  1  per  cent  less  than  the  estimated 
value. 

72.  Ellbot  of  redooing  the  pressure.  The  effect  of  reduc- 
ing the  pressure  may  be  found  by  substituting  for  the 
numerical  constants  in  the  above  equations  their  values  for 
low  pressures.  The  velocities  t,  and  k^  vary  inversely  as 
the  pressure,  and  according  to  the  most  reliable  determina- 
tions of  the  variation  of  the  rate  of  recombination  with 
pressure,  which  have  been  made  by  Laugevin,  the  quantity 
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EX  varies  approximately  in  direct  proportion  to  the  pressure. 
If  the  pressure  be  reduced  to  l/n'^  of  an  atmosphere,  the 
equations  for  d^rmining  the  variable  quantities  become 
.-  _  V^  J_     i__       1  X,-Xg  _  3-3  n"^' 

IB-S  n*0    «^  ~  I  +3^*         -^  2 

For  a  pressure  one-hundredth  of  an  atmosphere,  when 
the  current  and  electric  force  are  the  same  as  at  one 
atmosphere,  these  equations  give  on  substituting  for  <p  the 
value  10"*  instead  of  •!, 

„       -/ai     X,  ~  X,       i  I 

^  =  TT5-  —jr-''-"""^.  55  =  irf6^„-.- 

Hence  the  polarization  is  l/lOOth  of  its  original  value,  the 
effect  of  recombination  becomes  negligible,  and  the  current 
almost  attains  the  saturation  value.  In  practice,  how- 
ever, the  current  would  not  be  completely  saturated,  for 
the  effect  of  diffusion  increases  as  the  pressure  is  reduced 
in  the  same  proportion  as  the  velooltles  of  the  ions,  and 
the  difficulty  of  obtaining  saturation  at  low  pressures  is 
generally  due  to  the  loss  of  ions  by  diffusion. 

73.  Xileot  of  reoombuiatioii  under  varioiu  conditions.  The 
above  determination  of  the  force  neceseaiy  to  produce 
a  certain  degree  of  saturation  may  be  used  to  explain  some 
of  the  variations  of  the  curreut-electric-force  curves  that 
have  been  observed  experimentally  for  different  densities 
of  ionization  and  for  different  gases.  Thus  the  force 
neoessaiy  to  obtain  saturation  is  much  greater  for  large 
densities  of  ionization  than  for  small  Also  saturation  is 
much  more  easily  obtained  with  the  gases  of  low  atomic 
weight,  the  velocities  of  .the  ions  being  greater  in  these 
cases. 

Since  it  would  be  impossible  to  avoid  all  recombination 
and  arrive  at  the  maximum  current,  it  is  necessary  in 
a  theoretical  discussion  to  suppose  that  saturation  is  reached 
when  the  current  is  less  than  the  maximum  current  by 
a  small  fraction  specified  by  the  quantity  ^,  where 
i  =  aq/{l  +  3^^).  In  order  that  recombination  raa.j  be  the 
predominating  effect  that  causes  the  currents  to  fall  below 
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the  maximum  when  the  force  is  reduced,  it  will  be 
necessary  to  suppose  that  the  curfenta  and  the  pressures 
are  not  too  low. 

It  will   be  seen  from  the  equation  JT  =  .  /     .   ,     — j- 

that  the  force  required  to  produce  a  given  degree  of  satora- 
tion,  corresponding  to  a  given  value  of  ^,  is  proportional  to 
the  square  root  of  the  current  or  the  intensity  of  ioniza- 
tion, since  i  =  aq  approximately.  The  current^Iectric-force 
curve   may  be  indicated  by  the  curve  A,  figure  13,  for 
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Figure  18. 

a  given  intensity  of  ionization  between  plates  at  a  fixed 
distance  apart  The  force  corresponding  to  the  point  P  at 
which  i  =  05/(1  +10*)  is  X'.  When  the  intensity  of  ioniza- 
tion becomes  2  q  the  corresponding.curve  may  be  represented 
by  B,  and  at  the  point  P',  for  which  the  force  is  X'  Vi,  the 
given  degree  of  saturation  4>  will  be  obtained. 

The  curve  corresponding  to  a  pressure  of  half  an  atmo- 
sphere will  be  given  by  the  curve  C,  when  the  intensity 
of  ionization  ia  q,  as  at  atmospheric  pressure.  In  this  case 
the  force  corresponding  to  the  specified  degree  of  saturation 
1^  would  be  X'/2-S.     It  is  to  be  noticed  that  with  this  force 
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the  polarization  would  be  four  times  as  great  as  that  at 
atmospheric  pressure  when  the  force  is  X',  since 
Xi-Jg_8irA:    ^ 
X      "    a    ■  2  ' 
and  k/cx  ia  inversely  proportional  to  the  square  of  the 
pressure. 

The  forces  necessary  to  obtain  saturation  in  different 
gases  may  easily  be  found  by  substituting  for  h-^  and  h^  the 
velocities  of  the  ions  under  unit  electric  force,  the  value  of 
a  being  practically  the  same  for  the  different  gases. 

74.  EQbot  of  difflislon.  When  the  effect  of  recombina- 
tion is  negligible,  the  variations  in  the  currents  betweeu 
the  electrodes  depend  on  the  rate  of  diffusion  and  the 
velocity  under  the  electric  force.  It  is  usual  to  take  as 
the  starting-point  for  these  investigations  the  general  equa- 
tions established  by  Maxwell  for  the  interdiffusion  of  gases, 
but  in  order  to  get  an  insight  into  the  processes  taking 
place  it  is  necessary  to  begin  further  back  and  to  con- 
sider the  actual  motions  of  the  ions,  each  ion  moving  along 
free  paths  between  collisions  with  molecules  with  a  velocity 
which  is  large  compared  with  the  velocity  acquired  under 
the  electric  force.  It  is  only  in  such  cases  that  the  theory 
of  diffusion  in  its  simplest  form  can  be  used  to  explain 
the  motion  of  an  ion,  for  when  the  force  becomes  large 
the  interval  between  collisions  is  affected  appreciably  by 
the  velocity  due  to  the  force.  When  an  ion  is  immersed 
in  a  gas  the  velocity  of  agitation  which  it  acquires  owing 
to  tke  collisions  with  molecules  varies  about  a  certain 
mean  value,  which  is  such  that  the  kinetic  energy  of 
translation  of  the  ion  is  equal  to  the  mean  kinetic  energy 
of  a  molecule  of  the  gas.  The  motion  of  an  ion  is  thus 
quite  independent  of  the  presence  of  other  ions,  provided 
that  the  total  number  per  o.c.  is  small  and  the  charge  on 
the  ions  produces  no  appreciable  electric  force. 

When  an  ion  moves  in  an  electric  field  it  acquires  a  mean 
velocity  along  the  direction  of  the  force  but  does  not  travel 
exactly  along  the  line  of  force,  and  for  some  parts  of  its 
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path  it  may  travel  in  a  direction  opposite  to  the  direction 
of  the  force.  If  a  number  of  ions  are  generated  at  a  point 
i^  *  on  a  line  of  force  between  two  conductors  A  and  B  they 
diifuse  outwards  from  the  point  and  a  spherical  distribution 
is  formed,  the  centre  of  which  moves  along  the  line  of 
force.  If  the  ions  are  generated  continuously  at  P  they 
move  in  a  stream  which  gradually  opens  out  owing  to  the 
motionof  agitation,  the  central  line  of  the  stream  coinciding 
with  the  line  of  force. 

When  there  is  no  force  acting  and  the  point  P  is  near 
the  conductor  A,  most  of  the  ions  reach  the  conductor  A 
and  are  discharged  by  it,  but  if  a  force  is  applied  so  as  to 
repel  the  ions  from  A,  then  the  chance  of  an  ion  reaching 
the  conductor  A  is  diminished  and  a  current  in  the 
direction  of  the  force  is  established  between  A  and  B.  The 
current  increases  with  the  force  and  approaches  a  maximum 
value  which  would  be  attained  if  all  the  ions  were  collected 
on  B.  Theoretically  some  ions  will  always  reach  A,  but 
the  number  is  so  small  when  the  force  is  very  high  that 
in  practice  a  saturation  current  is  generally  obtained  with 
moderate  forces  which  depend  on  the  distance  between  the 
plates.  It  is  obvious  that  for  small  distances  between 
the  plates,  or  when  the  ions  are  generated  near  the  surface 
of  one  of  the  plates,  the  force  required  te  produce  saturation 
muBt  be  greater  than  in  other  cases. 

7S.  Application  of  the  kinetic  theory  of  gaaes  to  the  motion 
of  ions.  The  fundamental  principles  on  which  the  investi- 
gation of  the  motion  of  the  ions  is  based  are  the  same  as 
those  which  are  used  in  the  kinetic  theory  te  explain  the 
properties  of  gases.  It  is  only  when  an  electric  force  is 
applied  that  it  is  necessary  te  take  into  consideration  the 
charge  on  an  ion,  and  the  kinetic  theory  of  gases  may 
be  applied  te  the  diffusion  of  ions  as  if  they  were  uncharged 
particles. 

The  particles  on  this  theory  acquire  a  motion  of  agitation 
which  is  determined  by  the  mass  of  the  particle  and  the 

•  See  figure  15. 
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temperature  of  the  gas  in  which  they  are  immersed.  Ltt 
m  be  the  mass  of  an  ion,  V  the  mean  velocity  of  agitatioll, 
n  the  number  of  ions  per  cubic  centimetre  of  the  gas. 

The  kinetic  energy  of  translation  ^mnV^  is  the  same  ik 
that  of  an  equal  number  of  molecules  of  the  gas,  so  thAi 
the  quantity  4"'''*^^. '^^^^^  ^s  the  partial  pressure  of  tHb 
ions,  is  the  same  as  the  pressure  that  would  be  exerted  db 
a  boundary  by  any  gas  when  the  number  of  molecules  p4i: 
cubic  centimetre  is  equal  to  n. 

If  ^  be  the  number  of  molecules  per  unit  volume  of  a  gik 
at  760mm.  pressure  and  temperature  1S°C.,  ^tiiNV^  eJt* 
pressed  in  dynes  per  square  Centimetre  is  approximately 
10*;  and  when  the  density  mA'  is  known  the  velocity  6t 
agitation  V^  may  be  estimated.  The  determinations  of  thtt 
rate  of  diffusion  have  shown  that  the  mass  associated  witll 
an  ion  is  about  30  times  the  mass  of  a  molecule  of  oxygedj 
so  that  the  velocity  of  agitation  of  an  ion  is-  about  oni3* 
fifth  of  that  of  a  molecule  of  oxygen.  The  latter  is  abonll 
460  metres  per  second  at  15°C.,  and  the  value  of  V  it 
therefore  about  9  x  10*  centimetres  per  second.  The  velocity 
of  an  ion  in  air  at  atmospheric  pressure  under  an  electrid 
force  of  one  volt  per  centimetre  is  about  I -5  centimetrel 
per  second,  so  that  the  velocity  due  to  an  electric  force  ii 
small  compared  with  the  velocity  of  agitation  even  wheil 
the  force  is  as  great  as  100  volts  per  centimetre.  Th0 
velocity  of  agitation  is  independent  of  the  pressure,  and 
the  velocity  uuder  an  electric  force  is  inversely  proportional 
to  the  pressure,  aijd  therefore  the  ordinary  theory  of  diffusion 
becomes  inaccurate  when  the  ratio  of  the  force  to  the 
pressure  exceeds  a  certain  limit.  In  what  follows  it  will 
be  supposed  that  the  forces  are  such  that  they  do  not 
produce  velocities  of  as  high  an  order  as  V. 

7Q.  Iiangevin'B  formulae  for  the  ooeffloient  of  diffiision 
and  velocity  under  an  eleotrio  force.  The  determination  of 
the  rate  of  diffusion  of  ions,  and  the  velocity  in  the  direction 
of  an  electric  force,  in  terms  of  the  mean  velocity  of 
agitation,  the  masses,  and  the  linear  dimensions  of  the  ions 
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and  molecules  is  very  complicated  in  the  general  case  wbBQ 
ttie  variations  in  the  velocities  of  agitation  ore  taken  into 
cbusideration.  A  complete  investigation  of  the  coefficient 
df  interdififasion  K  of  two  gases  has  been  made  by  Lange- 
vin,*  on  the  hypothesis  that  the  collisions  between  the 
diolecales  are  of  the  same  type  as  those  between  smooth 
elastic  spheres.    The  value  of  K  which  was  obtained  is 

.  y_       3  /m  +  m' 

'  ~  16(j»iV'  \J  vhmm'' 
ttt  and  m'  being  the  masses  of  the  molecales  of  the  two 
gtises,  <T  the  smn  of  their  radii,  N  the  total  number  of 
nlolecules  per  cubic  centimetre,  and  2  A  =  N/X\,  where  n 
\i  the  pressure  of  a  gas  containing  N  molecules  per  cubic 
centimetre. 

In  the  same  notation  it  may  be  seen  that  if  e  is  the 
charge  on  an  ion  the  velocity  U  in  the  direction  of  an 
electric  force  X  is  given  by  the  formula 


^_  3eX         /hjm  +  m'l 
8  o-^A'     V      tfrnm' 


Since  the  ions  are  few  in  number  compared  with  the  mole- 
cules of  the  gas,  the  quantity  K  may  be  taken  as  the 
number  of  molecnies  per  cubic  centimetre,  so  that  the  rate 
of  diffusion  and  velocity  under  the  electric  force  are 
inversely  proportional  to  the  pressure.  The  quantity  A  is 
inversely  proportional  to  the  temperature  and  the  formulae 
show  that  when  N  is  constant  the  rate  of  diffosion  increases 
and  the  velocity  under  the  electric  force  diminishes  as  the 
temperature  is  increased. 

Several  simple  methods  ^  of  investigating  the  motion  of 

•  P.  Langevin,  Ann.  de  Chim.  ei  de  PhjB.  (8)  B,  p.  245,  1905. 

t  This  formulOi  differa  by  the  numerical  factor  3/4  from  the  formula 
for  the  coefficient  of  interdiffuRion  of  two  gases,  given  bj  Maxwell 
(Collected  Papere,  »ol.  ii,  p.  845), 

X  The  following  formula,  inrolving  m'  the  mass  of  »  molecule  of  the 
gas,  has  been  giien  bj  Lenard  ( Ann.  der  Pbyfiik,  [4]  8,  p.  812,  1900)  for 
the  velocity  of  an  ion  due  to  an  electiic  force: 

I  being  the  mean  fre«  path,  m  the  mass,  and  V  the  relocity  of  agitation 
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tlie  ioDB  have  been  saggested,  which  give  approximate 
valaes  of  the  quantities  U  and  K.  The  expressions,  which 
are  usually  given  in  terms  of  the  mean  iree  path  of  an  ion 
between  collisions  with  molecules,  may  be  obtained  by 
assuming  that  the  velocity  of  agitation  of  the  ions  is 
constant.  According  to  Maxwell's  law  of  the  distribution 
of  velocity,  the  velocities  of  a  particle  along  various  free 
paths  do  not  frequently  differ  by  a  large  factor  from  the 
mean  velocity  as  given  by  the  equation  ^m.nV*  =  'p,  jt 
being  the  pressure  corresponding  to  the  number  of  mole- 
cules n  in  unit  volume.  The  quantity  V*,  which  is  the 
mean  of  the  squares  of  the  velocities  of  agitation,  is  some- 
what greater  than  the  square  of  the  mean  velocity,  the 
latter  being  about  fj  ^-  ^or  simplicity  the  velocities  may 
all  be  taken  as  being  equal  to  V, 

77.  Iiengths  of  the  trea  paths;  mean  free  path.  The 
particles  move  along  free  paths  of  different  lengths  between 
the  collisions,  and  the  mean  length  of  a  large  number  of 
consecutive  free  paths  is  called  the  mean  free  path.  The 
lengths  of  the  various  paths  differ  considerably,  and  it  is 
desirable  to  distinguish  between  the  mean  of  the  squares 
of  the  free  paths  and  the  square  of  the  mean  free  path.  This 
may  be  done  by  finding  the  number  of  paths  which  exceed 
a  given  length  x. 

Let  a  number  of  particles  F^  start  normally  with  the 
same  velocity  from  the  plane  x  =  fi,  and  let  F  be  the 
number  that  arrive  at  a  distance  x  without  colliding  with 
molecules  of  the  gas.  The  number  of  collisions  that  occur 
in  the  distance  dx  will  be  Ftxdx,  where  a  is  a  constant, 
since  the  number  that  collide  with  the  molecules  must  be 
proportional  to  the  distance  dz  and  the  number  that  enter 
the  space  between  the  two  planes  x  and  x  +  dx. 

XI  dF  - 

Hence  -,-  =  —aF, 

dx 

and  therefore  F  =  F^e-"'. 

The  number  of  paths  whose  lengths  lie   between  x  and 

iB  +  rfa;  is  F^e~'*'^  a.dx,  and  the  mean  free  path  /  is 
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-f.J. 


Hence  the  number  of  paths  that  exceed  the  distance  x  is 
The  mean  of  the  squares  of  the  paths  is 


aj: 


or  twice  the  sqnare  of  the  mean  free  path. 

78.  Approximate  formulae  for  the  velooit;  under  an 
eleotrio  force.  There  are  two  cases  of  particular  interest  in 
connection  with  the  motion  of  ions  which  may  be  investigated 
by  the  simpler  methods.  In  some  experiments  in  gases 
at  low  pressures  the  electrons  move  freely  and  the  mass 
of  a  negative  ion  is  very  small  compared  with  the  mass  of 
a  molecule,  whereas  at  ordinary  pressures  the  mass  associated 
with  an  ion  is  usually  large  compared  with  the  mass  of 
a  molecule  of  the  gas.  In  the  first  case,  when  the  electron 
collides  with  a  molecule  it  may  be  deflected  in  any  direction, 
and  sit  directions  of  motion  may  be  considered  equally 
probable.  In  the  second  case,  the  direction  of  motion  of 
the  large  ion  af^r  a  collision  is  inclined  at  a  small  angle 
to  the  direction  of  motion  before  collision  and  the  ion 
continues  to  move  with  a  velocity  having  a  large  component 
in  the  original  direction  of  motion. 

Considering  the  case  in  which  the  mass  m  of  the  ion  is 
small  and  all  directions  of  motion  afler  a  collision  are 
equally  probable,  then  the  ion  does  not  retain  any  of  the 
momentum  Xet  acquired  while  moving  along  a  free  path 
/  in  the  time  t  =  l/V,  but  on  an  average  the  iona  may  be 

considered  to  travel  the  distance  4 — -.f^  in  the  direction 

VI 

of  the  electric  force  in  the  time  t. 

The  sum  of  the  distances  Sj  +  )>^  + ...i>„,  traversed  in  the 
direction  of  the  electric  force  while  the  ion  traverses  the 
paths  ?j,  i,,  ...l„,  with  the  constant  velocity  V  is 
a  2 


joogle 
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■■4"         ,   Xe    /,'  +  /*  +  ... V  / 

where  I  ie  the  meaa  free  path. 

Dividing  this  distance  by  the  time  ■nl/V,  the  velocity  JI 
in  the  direction  of  the  electric  force  is  obtained, 
.,  _  JTe     I 
m  'V' 


where  T  is  the  mean  interval  between  collisions.* 

This  approximate  formnla  gives  too  high  a  valtte  of  the 
velocity  U.  When  V  is  not  constant,  bat  represents  the 
mean  velocity  of  agitation,  the  accurate  value  of  JJ  may- 
be dedaced  from  the  expression  given  in  section  76,  as  in 
this  case  the  mean  free  path  of  the  ion  is  I/irtr'JV.  If  m', 
the  mass  of  a  molecale,  be  large  compared  with  m,  the  mass 

of  the  electron,  the  ratio r  becomes  —  and  the  value  of 

mm  m 

U  reduces  to  Xe         \ 


78.  Definition  of  the  ooeffloient  of  difi^iBion  K.  It  is 
usual  to  express  the  coefficient  of  diffusion  K  in  terms 
of  the  flow  produced  when  there  is  a  variation  of  the 
number  of  particles  n  in  unit  volume  of  a  medium.  The 
number  of  particles  passing  out  through  a  geometrical 
boundary  ia  proportional  at  each  point  to  the  number  of 
particles  per  cubic  centimetre  at  an  adjacent  point  inside 
the  boundary.  The  number  entering  is  proportional  to  the 
number  per  cubic  centimetre  outside,  so  that  if  there  is 
a  variation  in  the  density  the  numbers  crossing  the  boundary 

'  See  Langevin,  Ann.  de  Chim.  et  de  Phye,  28,  p.  386,  1903. 
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in  the  two  directions  will  be  difTerent.  The  differenoe, 
referred  to  unit  area  of  the  plaue  perpendictdar  to  the  axis 

rdn 

being  the  coefficient  of  diffusion.  This  quantity  may  also 
he  expressed  by  the  product  nu,  where  u  is  a  velocity, 
defined  by  the  equation 

au  =  -K  —  - 
tix 

The  velocity  u  is  therefore  the  velocity  that  mast   be 

attributed  to  all  the  particles,  otherwise  supposed  to  be  at 

rest,  in  order  that  the  number  that  cross  the  area  should 

be  equal  to  the  difference  between  the  numbers  that  actually 

cross  in  opposite  directions. 

Similarly  there  are  two  other  equations  for  the  velocities 

.  V  and  V}  corresponding  to  the  axes  of  ^  and  z,  namely 

dy 

,  j,dn 

and  nw  =  —  a  -i-  • 

OS 
80.  Bate  of  ohange  of  (he  mean  square  of  the  distanoes  of 
partioles  flrom  any  point.  The  coefficient  of  difiiision  K 
may  be  fonnd  in  terms  of  the  rate  of  change  of  Che  mean 
square  of  the  distances  of  the  particles  from  any  point. 
For  siiaplicity  *  let  the  distribution  be  symmetrical  about 
the  centre  0,  bo  that  the  number  of  particles  n  per 
cubic  centimetre  is  a  function  of  the  distance  r.  The 
number  of  particles  between  two  spheres  of  radii  r  and 
r+dr  is  i-ni^ndr  and  the  mean  square  of  the  distance 
of  all  the  particles  from  the  centre  is 

4  TT  nr*dr 
^ =-K». 


4irn 


*  The  iuveitigation  applies  aUo  to  an  unBym metrical  distribution, 
for  ax  f&r  as  the  motion  alon^  the  radiua  from  0  is  concerned,  it  ia 
immaterial  whether  the  particles  between  two  concentric  spheres  of 
radii  r  and  r+  dr  are  distributed  irregularly  or  unifomilj. 
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The  radius  /  is  taken  so  large  that  the  iutagration  extends 
bejoud  the  space  in  which  the   particles  are  included. 

Hence  n  =  0  and  -j-  =  O  when  t  =  -/.    The  denominator, 
dr 

which  represents  the  total  number  of  particles  under  con- 
sideration, is  constant,  so  that  when  differentiated  with 
respect  to  the  time,  the  above  equation  gives 


rs-=Tr'-- 


The  rate  at  which  the  number  of  particles  in  the  space 
between  the  two  spheres  of  radii  r  and  v->!-dr  is  increasing, 

namely  4')rr'-^<ir,  has  to  be  accounted  for  by  the  differ- 
ence between  the  rates  at  which  particles  are  crossing  the 
two  spheres.    Hence 


•'r  =  4irr*?iii_  — J4jrr'n«_+  -.-( 
d'<\.  _       d  ,..a._.  \_  d  /'^ai'dn^ 


4  IT  r*  -T7  <ir  =  4  -zi^nv.,  —  \  4jrr'n«_  +  -.-  (4  wr'im  Jdi 
di  '     (  ^     dr^  " 


"^-'--IR-^' 


Hence         T.^  (^JT*!)*  =  ^' f'"'*- 
Jo      (irv         c/r'  dX   Jo 

.  d« 
above  equation,  on  integration  by  parts,  gives 

2  K^r^^dr  =  GKr'nr^dr  =  ^-*  fw-^dr. 

Hence  the  rate  of  change  of  the  mean  square  of  the 
distance  of  any  distribution  from  any  point  is  6  K. 

This  result  also  follows  from  the  expression  given  by 
Fourier  *  for  the  temperature  6  at  any  point  of  an  infinite 
solid  initially  at  zero  temperature  throughout,  except  at 
the  origin  of  co-ordinates,  where  the  temperature  exceeds 
that  of  the  surrounding  material.     After  a  time  ( the  tem- 

*  J.  B.  J.  Fourier,  Thtorie  ftualjtique  de  U  cbaleni:. 
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perature  at  a  point  at  the  distance  r  from  the  origin  is  pro- 
portional to  I*  '  e   ^".    Since  the  equation  for  the  diffusion 

of  heat  from  a  point  -77  =  — r-(^^-,-l  is  the  same  as  the 
*  dt      T'  dr^      dr' 

equation  for  the  diffusion  of  particles,  it  follows  that  if 

a  nnmber  of  particles  are  placed  at  any  point  in  a  gas  after 

a  time  t  the  number  n  per  cubic  centimetre  is  proportional 

to  (~'e  *",    When  this  value  is  substituted  for  n  the 

volume    integral  r-n .  r^dr    becomes    6  Kt  I       ni^dr, 

Jr=0  Jr-0 

which  shows  that  the  mean  square  of  the  distance  of  the 
particles  £rom  the  origin  is  6  Kt.  Similar  results  have  been 
found  by  Einstein  and  Smoluchowski  *  in  their  investiga- 
tions of  the  theory  of  the  Brownian  movement. 

8L  Rate  of  change  of  the  mean  sQuore  of  the  dutanoe  in 
terms  of  the  mean  free  path.     The  rate  of  change  of  the 


figure  14. 

mean  square  of  the  distance  of  a  distribatioa  from  any 
point  may  easily  be  found  when  the  motion  is  of  the  type 
considered  in  section  78,  that  ia,  when  the  particles  move 
with  a  constant  velocity  between  collisions,  and  all  directions 
of  motion  after  collision  are  equally  probable. 

If  Q,  figure  14,  be  any  point  on  the  surface  of  the  smaH 

*  See  sections  175  and  176. 
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aphero  of  radius  x,  the  mean  square  of  the  distance  of  the 
points  on  the  sarfaoe  of  the  sphere  from  0  is 


i^H"' 


+  a;-  +  2raco8  5)2irj;*8infld9  =  r  +  a^, 


where  r  is  the  distance  of  P  from  the  point  0  and  B  the 
angle  between  OP  and  PQ.'  Hence  the  mean  square  of 
the  distances  of  the  ions  from  0  is  increased  by  ic*  after 
traversing  the  free  paths  of  length  x.  When  several  paths 
are  considered,  the  change  in  the   mean  square  of  the 

diBtancea  will  be  2x*  in  the  time^  ■    Hence  the  rate  of 

change  of  the  mean  square  of  the  distances  from  0  is 

V  -_—  =  2 IV,  which  is  independent  of  r,  and  therefore  the 

same  for  all  inns  in  the  field. 
B.BnceK  =  ilV. 

82.  Motion  of  large  particlfls  in  a  gas.  In  a  large  number 
of  cases  the  rate  of  diffusion  of  ions  in  gases  is  much 
smaller  than  the  rate  of  interdifiusion  of  ordinary  gases, 
so  that  the  mass  associated  with  an  ion  is  large  compared 
with  the  mass  of  a  molecule.  The  formulae  given  in  the 
preceding  sections  for  U  and  K  in  terms  of  the  mean  free  path 
of  an  ion  do  not  apply  in  these  cases,  since  the  e£Eect  of 
a  collision  only  causes  the  ion  to  deviate  from  its  original 
direction  by  a  small  angle. 

Let  m  and  m',  V  and  V  be  the  masses  and  velocities  of 
agitation  of  the  ion  and  a  molecule  of  the  gas  respectively. 
If  the  collisions  are  such  that  all  subsequent  directions  of 
motion  of  the  smaller  mass  in'  are  equally  probable,  the 
greatest  transfer  of  momentum  that  occurs  at  any  collision 
is  2ni'V',  which  happens  when  the  direction  of  motion  of 
the  molecule  is  reversed.  Since  mV*=  m'V'^,  the  ratio 
of  the  momentum  of  the  ion  to  that  of  the  molecule  is 
Vm/m,' ;  hence  the  transfer  of  momentum  required  to 
reverse  the  motion  of  the  ion  is  greater  than  that  which 
could  be  imparted  to  it  by  a  single  coUisioa  with  a  mole- 
cule.   The  collisions,  thereibre,  which  may  have  a  large 
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eflect  in  altering  the  direction  ot  motion  of  the  smaller 
mass  will  have  a  comparatively  small  effect  on  the  larger 
mass,  and  it  is  only  after  several  oollisions  with  molecoles 
tbat  the  direction  of  motion  of  the  ion  becomes  independent 
of  its  original  motion. 

83.  Coeffloient  of  difftiaion  when  the  partioles  are  large 
dompored  with  the  moleonleB  of  the  gas.  Let  the  ion  of 
lB,rge  mass  m  travel  along  straight  paths  of  lengths  liif^,  ...l„ 
between  collisions,  in  the  intervals  of  time  t^,  t^, ...  t„  with 
the  constant  velocity  V.  Let  the  components  of  the  velocity 
df  the  ion  along  the  axes  of  x,  y,  and  z  be  u,,  f,,  ^o^  daring 
tile  first  interval,  u,,  Vj,  w,  daring  the  second  interval,  etc. 
After  a  time  i  =  i,  +  (j+ ...  i„  the  ion  will  have  travelled 
tne  distances  x,  y,  z  along  the  axes  given  by  the  formulae 
X  =  tti(i  +  «ii'g +  ...«•„(„, 

2  =«fj((  +  «Jj(j +  ,..«;„(„, 
and  the  average  rate  of  change  — - — -  in  the  square  of  the 

distance  of  the  ion  from  any  point  is  ^- i  which 

may  be  written  in  the  form 

(tt,'  +  y,^  +  M',*) f,'  +  ■ ..  +  2  ftt, Mg  +  V, fg  +  WjU-g)  f,  <g  + . ■ . 

_lj^  +  l^*  +  ...  +  2ljl^C08<f>j^+  ... 
*!  +  (,  +  ...*„ 

*here  ip^/  is  the  angle  between  the  paths  If  and  l^: 
Also,  since 

V+V  +  — V  =  2nZ»  =  2i(/i  +  /j+.../J, 
where  /  is  the  mean  free  path,  the  numerator  of  the  pre- 
ceding  fraction  may  be  written  as  the  sum  of  n  terms, 
the  first  two  being 

2/,(i  +  /jCOS^,j  +  ^C08^13+...). 

and  2lg{l  +  l^  cos  ^^j  + 1^  cos  4>u+  ■■■)' 

the  others  being  similar  expressions. 

The  quantity  /^cos^j^  +  ZijCos  ^j3+ ...  is  the  sum  of  the 


.;oogic 


90  THE  MOTIOlf  OF  IONS  IN  GASES 

projections  of  the  second,  third,  and  subsequent  paths  on 
the  direction  of  the  first  path.  The  sum  of  the  projections 
has  a  mean  value  A  greater  than  zero,  since  the  second  path 
and  those  that  immediately  follow  it  are  inclined  at  small 
angles  to  the  direction  of  the  first  path.  Aiter  a  certain 
average  number  of  collisions  s,  the  angle  0,,  becomes  of 

the  order  ~,  and  then  the  sum  of  the  subsequent  terms 

Z,cos^j,  +  etc.  becomes  on  the  average  equal  to  zero.  The 
quantity  (l  +  l^oos<f>^^+ ...l„ooa<t>j„)  =  1  +  !^  represents  the 
distance  that  an  ion  travels  in  the  direction  of  its  initial 
motion  before  all  directions  of  motion  become  equally  prob- 
able, or  in  other  words,  if  a  large  number  of  ions  start 
in  a  direction  normal  to  a  plane  their  mean  distance  from 
the  plane  attains  a  definite  value  f  +  X  in  a  short  time,  which 
includes  several  intervals  between  collisions.  When  the 
total  number  of  collisions  n  is  large  compared  with  s,  the 
quantity  ii^  +  ^j^ ...  ^„*  +  2i[/jC08^,g+_,.  becomes  equal  to 
2{l  +  k){l^  +  lj  +  ...lJ  or  2nl{l  +  >.). 

Hence '^  =  ^^^±^  = 


dt         1^+1^  +  .. .l„        ^       ' 


Since  — jr—  is  equal  to  ^K, 

84.  Telocity  of  large  partioIeB  under  an  elflotrio  foros. 
The  Telocity  of  the  ions  under  an  electric  force  may  also  be 
found  under  the  above  conditions,*  It  is  necessary  in  this 
case  to  take  into  consideration  the  drift  in  the  direction  of 
the  force  after  a  collision  that  arises  from  the  velocity 
of  the  ion  before  the  collision.  It  will  be  seen,  from  the 
investigation  in  the  preceding  section,  that  if  an  ion  starts 
akmg  any  direction  with  a  velocity  V  it  reaches,  on  an 
average,  the  distance  Z  +  A  in  that  direction  before  the  effect 
of  the  momentom  disappears,  I  being  the  average  distance 
traversed  before  the  first  collision  occurs.  If  u, «,  lo  are  the 
components  of  Fbefore  collision,  then  the  average  distances 
'  Proc.  Roy.  Soc.  A,  86,  p.  197, 1912. 
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travelled  along  the  axes  of  co-ordinates  atler  the  collision 

will  be  ^  ,  yT ,  and  -^  • 

When  an  ion  moves  under  the  electric  force  X,  the 
acceleration  is  Xe/m  and  the  ion  drifts  a  distance  ^fij^ 
while  moving  along  the  free  path  ^  with  the  velocity  V, 
and  immediately  before  the  collision  the  velocity  of  the 
ion  in  the  direction  of  the  force  is  fti.  The  effect  of  this 
velocity  is  not  lost  by  the  collision,  but  the  ion,  after  the 

collision,  drifts  on  for  a  distance  ''-^  in  a  time  which  is 

short  compared  with  the  sum  of  the  intervals  between  all 
the  collisions  under  consideration.  Hence  the  effect  of 
the  action  of  the  force  X  for  the  time  ^j  is  to  make  the  ion 
travel  a  distance 

The  total  distance  S  traversed  in  the  time  t  =  -^in  which 
n  collisions  occur  is 

|i  [s  (',' + V + ■  •  V) +*((,+(,+..  .y], 

OP  S  =  ^(!+X), 

so  that  the  velocity  under  the  electric  force  U  is 

SV  _f(l  +  \) 

ni  ~       V      ■ 

.J.     Xe      l  +  k 
Hence  U  =  —    •  -^jy- . 

Both  the  quantities  I  and  k  are  inversely  proportional  to 
the  pressure  of  the  gas  in  which  the  ions  move,  so  that 
(T  and  K  are  both  inversely  proportional  to  the  pressure, 
and  their  ratio  is 

U  _3Xe  _  NeX 

K ~ mV ~    n    ' 
Here  n  =  J  mNV^  is  the  pressure  of  a  gas  in  which  there 
are  JT  molecules  per  cubic  centimetre. 
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85.  Approxiiiiato  formulae  for  XT  and  K  for  large  partioles. 
The  quantity  \  will  obviously  be  large  compared  with  the 
mean  &ee  path  I  if  the  mass  of  the  ion  is  large  compared 
with  that  of  a  molecule,  and  in  order  to  obtain  definite 
information  from  the  above  formalae  it  is  necessary  to  find 
how  these  two  lengths  are  related  to  each  other.  A  simple 
method  of  procedure  is  to  consider  the  interdiffusiou  of 
two  gases  in  two  special  cases.  From  elementary  con- 
siderations it  may  be  shown  that  the  rate  of  diifusion  K  of 
a  gas  A  into  a  gas  B  or  o£  B  into  A  depends  on  the  tots) 
pressure  of  the  two  gases,  and  is  independent  of  the  relative 
numbers  of  molecules  of  each  that  are  present.  When 
there  are  a  small  number  v  of  molecules  of  A  per  cubic 
centimetre  and  a  large  number  jV  of  molecules  of  B,  the 
rate  of  diffusion  of  A  into  B  will  be  the  same  as  when 
the  number  of  molecules  per  cubic  centimetre  of  B  is  p 
and  the  number  of  molecules  of  A  is  N. 

In  the  first  case,  if  the  .mass  m  of  the  molecule  of  jd  is 
large  compared  with  m',  the  mass  of  a  molecule  of  B,  the 
valae  of  K  is  ^{t  +  k)V.  Similarly  in  the  second  case 
the  rate  of  diffusion  of  B  into  A  is  ^  f'  V,  it  being  supposed 
that  when  the  smaller  mass  m'  collides  with  the  mass  ni  all 
directions  of  motion  of  the  former  become  equally  probable. 

Hence  (l  +  K)V=l'V'. 

The  total  number  of  collisions  C  that  occur  in  unit  volume 
per  second  is  proportional  to  the  product  Nv,  so  that  the 
total  number  of  free  paths  of  the  molecules  of  A  in  the  first 
case  is  equal  to  the  total  nmnber  of  free  paths  of  B  iu 
the  second  case. 

Hence  Gl  =  Vt,  and  CI'  =  Vv,  ^ 

80  that  I  =  -^^  . 

Hence  —7-  =  ^j^  =  — >  ■ 

Thus  when  m,  the  mass  of  an  ion,  is  large  compared  with 
m',  the  mass  of  a  molecule  of  the  gas,  U  and  K  are  given  by 
the  formulae 
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J,     Xe     L         ,   ^     LV 

,,      Xe     I  ,    ,.      mlV 

or  U=  —J  ■  -rr'  and  K  =  - — jt 

7n      V  3  m 

I  being  the  mean  free  path  of  an  ion  and  L  =  l  +  X=:  ml/m'. 

66.  Maxwell's  equations  of  motion.  The  velocities  u,  v, 
v;  of  the  ions  along  the  directions  of  the  axes,  due  to  the 
combined  effect  of  diffusion  and  electric  force,  may  now  be 
written  in  the  form 

K  (In      Xe  L 

n  ax       m.    y 

1  , 

If  p  be  the  partial  pressure  dae  to  a  namber  of  particles 
n  per  cabic  centimetre,  p  =  ^mnV,  and  the  above  equation 
redaces  to 

Similarly  -f>(pv)  =  —  -r  +  '"■^^i 

and  ^  (pw)  =  ~  -^  +  nZe. 

These  three  equations  are  the  same  as  the  eqnations  which 
may  be  obtained  from  t^e  equations  for  the  interdiffdsion 
of  gases  given  by  Maxwell,*  when  the  molecules  of  one 
of  the  gases  are  treated  as  oharged  particles,  and  are  few 
in  namber  compared  with  the  number  of  molecules  of  the 
uncharged  gas. 

The  application  of  these  eqnations  to  special  cases, 
arranged  for  the  measurement  of  K,  and  the  ratio  of  U/K 
Irom  which  the  value  of  Ne  may  be  deduced,  will  he 
explained  in  another  chapter,  but  the  general  effect  of 
diffusion  on  the  currents  between  electrodes  may  be  ex- 
amined without  solving  the  equations  for  any  particular 
case. 

•  J.  C.  Maiwell,  Phil.  Ttaiw.,  vol.  187,  1866. 
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87.  Bate  of  dit^iBion  independeat  of  the  oonoentration. 
When  ions  are  generated  at  a  point  P,  figure  15,  on  a  line 
of  force  between  two  electrodes,  they  diffuse  outwards  and 
form  a  spherical  dietribation  round  a  point  which  moves 
XeL 
'"m  V^ 

iiamber  that  arrive  at  any  conductor  in  the  field  will 
depend  on  the  ratio  of  the  rate  of  diffusion  to  the  velocity 
due  to  the  electric  force.  "When  the  force  is  very  large, 
the  diffusion  effect  is  small  and  the  ions  generated  at  P 
are  practically  all  collected  on  the  electrode  at  the  point  P' 
at  which  the  line  of  force  through  P  terminates.  When 
the  electric  force  is  small  and  ions  are  produced  in  the 
space  between  the  two  electrodes  A  and  B,  A  being  charged 
positively  and  B  provided  with  a  guard  ring  C,  some  of 
the  positive  ions  generated  ati'  will  arrive  on  the  electrode 
A  and  on  the  guard  ring  instead  of  on  B. 


Fignre  15. 

It  is  to  be  noticed  that  in  all  cases  in  which  a  certain 
quantity  of  ions  are  generated  by  rays  in  a  limited  space 
between  two  electrodes,  and  the  currents  are  measured  by 
the  charge  acquired  by  an  electrode,  fluctuations  in  the 
rate  at  which  the  ions  are  generated  by  the  rays  do  not 
affect  the  result,  provided  that  the  force  is  not  altered 
daring  the  time  the  rays  are  acting,  and  is  kept  on  for 
a  sufHcient  time  to  remove  all  the  ions  from  the  gaa  In 
such  cases  the  ions  may  be  supposed  to  be  generated  at 
a  uniform  rate,  and  the  currents  may  be  investigated  as  if 
a  constant  stream  were  flowing  through  the  space  between 
the  plates,  and  the  number  of  ions  per  cubic  centimetre 
at  any  point  did  not  vary  with  the  time.    Thus  the  current- 
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electric-foTC6  corves  do  not  vary  with  the  intensity  of  the 
current  and  are  the  same  whether  the  ions  are  generated 
continaously  or  at  irregalar  intervals.  In  all  cases  the 
proportion  of  the  whole  which  reach  an  electrode  depends 
only  on  the  force. 

In  this  respect  these  current- electric-force  curves  differ 
from  those  obtained  vhen  the  effect  of  recombination  pre- 
dominates, for  then  the  loss  of  ions  is  much  greater  when 
tbey  are  produced  in  a  short  interval  of  time  than  when  the 
same  number  are  produced  continuously  in  a  longer  time. 
When  thecorrents  arenearlysaturated,  the  force  Z  required 
to  produce  a  given  degree  of  saturation  is  proportional  to 
the  square  root  of  the  current. 

8S.  Cnirents  independent  of  tiie  preuure.  When  the 
diffusion  and  velocity  under  an  electric  force  are  the 
principal  processes  that  determine  the  proportion  of  the 
ions  that  reach  an  electrode,  the  current  to  the  electrode 
is  not  affected  by  altering  the  pressure  of  the  gas.  If 
the  pressure  be  lowered  the  mean  free  path  of  the  ions  is 

L 

V 


proportion.  Thus  in  the  case  in  which  a  number  of  ions 
are  generated  at  P,  when  the  mean  square  of  their  distance 
from  the  centre  of  the  distribution  has  attained  a  value 
B^,  the  centre  of  the  distribution  has  travelled  a  distance 
iS  given  by  the  equation 

a  XeL  Xe 

The  ratio  Ji?/S  is  thus  independent  of  the  pressure,  and  of 
the  nature  of  the  gas  in  which  the  ions  are  moving,  for 
although  the  mass  of  the  ion  m  varies  in  different  gases, 
the  quantity  mV*  depends  only  on  the  temperature.  It  is 
obviously  the  ratio  of  ii*  to  jS  that  determines  the  number 
that  arrive  on  any  electrode,  hence  the  current-electric- 
force  curve  depends  only  on  the  temperature  of  the  gas, 
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and  for  a  given  initial  distribution  of  ions  ia  independent 
of  the  pressure  and  nature  of  the  gas. 

89.  Motion  in  a  magoetio  field.  When  the  motion  of 
ions  in  a  gas  takes  place  in  a  magnetic  field  the  rates  of" 
difiFiision  and  the  velocities  due  to  an  electric  force  may 
be  determined  by  the  methods  similar  to  those  given  in 
the  preceding  sections.*  The  effect  of  the  magnetic  field 
may  be  determined  by  considering  the  motion  of  each 
ion  between  collisions  with  molecnles.  The  magnetic  force 
causes  the  ions  to  be  deflected  in  their  free  paths,  and  when 
no  electric  forces  are  acting  the  paths  are  spirals,  the  axes 
being  along  the  direction  of  the  magnetic  force.  If  H 
be  the  intensity  of  the  magnetic  field,  e  the  charge,  and  tn 
the  mass  of  the  ion,  then  the  radius  r  of  the  spiral  is 
•mv/He,  V  being  the  velocity  in  the  direction  perpendicular 
to  H.  The  distance  that  the  ion  travels  in  the  interval 
between  two  collisions  in  a  direction  normal  to  the  magnetic 
force  is  a  chord  of  the  circle  of  radius  r.  The  distances 
the  ion  travels  in  those  directions  are  thus  reduced,  and 
the  rate  of  difiuaion  of  the  ions  in  directions  perpendicular 
to  the  magnetic  force  is  less  than  the  rate  of  diffusion  in 
the  direction  of  the  force. 

It  has  already  been  shown  that  the  coefficient  of  diffusion 
^  is  a  measure  of  the  rate  of  increase  of  the  mean  square 
B?  of  the  distance  of  any  distribution  from  any  point, 

^  being  equal  to  6K".     Since  Ji"  =  X*+  7^  +  Z*,  it  follows 

that  2K  =  "-rr-  and  4  ff  =   ^- ,  where  p*  is  the  mean  of  the 
at  at 

squares  of  the  distances  of  the  ions  from  the  axis  of  Z. 

When  a  magnetic  force  H  is  applied  in  the  direction  of 
the  axis  of  Z,  the  rate  of  diffusion  K^  in  the  directions 
perpendicular  to  ^  is  less  than  the  rate  of  diffusion  A' 
along  Z  which  is  unaltered  by  the  magnetic  field.  As  the 
phenomena  are  of  special  interest  in  connection  with  nega- 
tive ions  in  the  electronic  state  when  magnetic  fields  pro- 

•  Proc.  Roy.  Soc.A,  88,  p.  571, 1912. 
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dace  large  effects,  the  collisions  with  molecules  may  be 
sapposed  to  affect  the  motiou  of  the  ions  in  the  same  way 
as  the  motion  of  small  bodies  ia  affected  by  colliding  with 
comparatively  large  particles.  All  directions  of  motion  of 
an  ion  after  collision  with  molecules  may  therefore  be 
sapposed  to  be  equally  probable,  so  that  the  mean  values 
of  the  velocities  of  the  ions  after  colliding  will  be  zero. 
Since  the  magnetic  field  only  alters  the  direction  of  motion, 
the  number  of  collisions  that  an  ion  makes  per  second  is 
not  affected,  and  the  intervals  between  the  collisionfi  will  be 
distributed  as  in  the  ordinary  case  and  will  have  the  same 
mean  value  T.    The  number  of  iaterrala  that  exceed  the 

time  (,  out  of  a  total  number  N,  will  be  JV<  ^. 

In  the  following  investigations  two  expressions  occur 
which  may  be  found  in  terms  of  the  mean  time  between 
collisions.  These  are  the  series  of  cosines,  cos  att^ +  coa<ot^ 
+  ...,and  the  series  of  sines  Bin<iitj  +  am<ef^+...,  t^.t^  ... 
being  intervals  between  a  latge  number  N  of  consecutive 
collisions  that  an  ion  makes  with  molecules.  The  number 
of  intervals  that  lie  between  the  values  t  and  t  +  dt  is 


as  the  integral        ^F  ^^t/^^t 

This  expression  may  be  integrated  by  parts  and  ita  value  is 


be  equal  to  ^-j-^^yj- 

90.  Bate  of  oliaoge  of  the  mean  distance  ftom  an  axis. 

The  rate  of  increase  of  the  mean  sqnare  of  the  distance  of 
any  distribution  from  the  axis  of  Z,  dpydt,  may  be  detei^ 
mined  by  considering  the  motion  of  an  ion  parallel  to  the 
plane  of  xy. 

Let  X  and  y  be  the  ordinates  of  an  ion  at  any  time  t  after 
a  collision.    The  equations  of  motion  are 

U.,:,l,z<,d=vG00gIe 
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d^y       ,.  dx 

and  the  velocities  x  and  y  are  given  by  equationa  of  the 

dt* 
so  that  i  =  j48in(«(  +  of)  and  y  = -^  C03(»i  +  a),  where 
<e  =  ife/m. 

Ijet  the  ion  travel  the  distances  Sai,  and  Sjf,  in  the  first 
interval  ^  between  collisions;  tx^  and  S^^  in  the  second 
interval  £,,  eta 

In  the  first  interval  the  distances  Sx,  and  S^,  traversed 
by  the  ions  are 

hXy  =  —  [coaotj— COS  (ui(i+ai)] 
and  8y,  =  — [sinOj— sin(oi(,  +  ai)]. 

If  XqI/q  be  the  initial  position  of  the  ion,  then  after  the 
time  NT  =  f,  +  ^+  ...,  the  position  will  be 
x^  +  'Sbx,,  and  y^+Siy^, 
and  the  square  of  the  distance  from  the  axis  will  have 
increased  by  the  amount 

2  a!o28!C,+ 2  j/(,S83/,  +  2{6a:J«  +  2(Sy/+ 2  £{3a!,flir^  + 8j/,8y^). 
The  latter  terms  are  zero,  since  on  the  average  the  sum  of 
the  cosines  of  the  angles  which  any  path  makes  with  the 
consecutive  path  vanishes.  Hence  for  any  ion  the  square 
of  the  distance  changes  by  the  amount 

For  a  large  number  of  ions  starting  from  the  point  x^y^ 
the  average  values  of  Six,  and  2by,  vanish,  since  the  ions 
are  free  to  move  in  all  directions.  Hence  the  rate  of 
change  of  the  mean  square  of  the  distance  of  the  distribution 
from  the  axis  is  £  [(6a;J*  +  (8t/,)*]/AT. 
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Sabstituting  for  Sa,  and  iy,  their  valaea,  the  quantity 

-^  becomes  ■i^sr-aS4/(l -cos (of,). 

The  velocities  A^  are  independent  of  the  times  t„  so  that 
the  metm  value  of  A^  may  he  substituted  for  A/  in  this 
expression.  Also  since  A,  is  the  velocity  in  the  plane  xy 
the  mean  value  of  A^  is  2  V*/3,  V  being  the  mean  velocity 
of  agitation  of  the  ions,  and  since  the  series  of  cosines 
ScoAmt^  is  equal  to  N/(l  +  iu'T*)  the  above  expi-ession 
reduces  to 

J/  _      2  2  V        N<»^T'   _       4V*T 

iit~  NTo>^   '      3      '   mii^*~3(l+«>''3'»)' 
The  rate  of  diffusion  K  along  the  direction  of  the  magnetic 


dp*         *K 
Hence  Tt  -  \^^^T^' 

81.  Bate  of  diStuion  in  direotionfl  perpendioolsr  to  the 
magnetic  forco.  The  motion  of  the  ions  may  therefore  be 
expressed  in  the  usual  form  by  the  equations 

71W  _      dn 

K'^~~  dx' 

nu  _     dn 

^k     ^' 

not  _      dn 
K  ~~lh' 
The  change  of  the  number  of  ions  ti  per  cubic  centimetre 
at  any  point  is 

dn  _  d{nu)      d{ny)      d(nw) 
dt~     dx  dy  dz 

J.   .dPn      d^n-.       „d^n 

In  this  notation  -^  is  given  by  the  equation 

-^  ■  \Undxdydz  =  lU  {as*  +  y'}  ^ dxdydz, 


joogle 
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and  it  is  easy  to  see  that  when  the  above  value  is  sabstituted 

■P 

4  K^  \Undxdydz. 

1  dp'      ^  K 

Hence  J  rfT  = -^l  =  f:f^.- 

02.  Motion  in  eleotrio  field  with  transverae  magnetic  field. 
When  ions  are  moving  in  an  electric  field  and  a  magnetic 
force  H  is  applied  along  tlie  axis  of  z,  the  motion  in  that 
direction  is  unchanged,  but  in  the  directions  x  and  y  the 
velocities  are  altered.  Taking  the  axis  of  a:  as  the  direction 
of  the  electric  force  X,  the  equations  of  motion  become 

so  tiiat  the  velocities  A  and  y  are  given  by  the  equations 
x  =  Asia  (ut  +  ot)  and  y  =  jj  ~  A  cob  (tot  +  a), 

the  velocities  at  the  beginning  of  the  path  being  A  ain  a 

X 
and  -jj—AcoaoL.    If  *,.»,, ...,  jpj/g,  ...   be  the  velocities 

after  a  number  of  consecutive  collisions  of  an  ion  with 

molecules  of  the  gas,  the  sum  of  the  velocities  x^+x^-^- ... 

differs  for  different  ions  and  has  an  average  value  equal  to 

zero  for  a  group  of  ions. 

NX 
Hence    ^A■^6,iaa■^  =  O  and  lA^cosaii  =  -vj-- 

The  distances  that  an  ion  travels  in  the  first  interval 


6(Cj  =  — i  (cos  a,  -  cos  (wtj  +  a,)),  • 


=  w'i+     -(8inciii-sin(wi,  +  a,)). 


j.,r,i,z<»i..,GoogIe 


THE  MOTION  OF  IONS  IN-  GASg^  •;■.  .  .p,, ; 
The  distaaces  traversed  in  the  time  NT=tj  +  t^  +  ...t^ 

^f>x,  =  jj 2  {jr  -  j.)  cos<ot,  +  -  Ix,  sin  <oi,, 

26^/.  =  ■^- ^  S  (^- j.)  8in«,(,- lsi.C08«V 

The  terms  independent  of  X  obviously  vanish  in  esti- 
mating the  mean  displacement  of  a  group  of  ions  starting 
from  the  origin,  and  the  velocities  lT|^  and  V^  along  the 
axes  become 

*  NT  ~  H«>T'  \+it*T*' 

*  NT      H'  I +01*2'*' 
and  since  a 

„       Xe         T  ,  „       Xe       <^T' 

Xe 
The  velocity  U  when  the  magnetic  force  is  zero  is  -—  ■  7, 

Also  the  following  relation  holds,  -^  =  -j^,  which  shows 

that  the  velocity  in  the  direction  of  the  electric  force  is 
reduced  by  the  magnetic  field  in  the  same  proportion  as 
the  rate  of  diffusion. 

The  equations  of  motion  from  which  the  number  of  ions 
per  cubic  centimetre  at  any  point  in  the  gas  may  be  deter- 
mined, when  electric  and  magnetic  forces  are  acting,  are 

Aj  dx 

pv  dp        „       He    „ 

^  =  — F  +  nXe  ■  —  ■  T, 
Aj^  ay  m 

K  ds 

the  component  of  the  electric  force  along  the  axis  of  y 
being  zero. 


^laiiizodbvGoogle 
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93.  Deflection  of  a  stream  of  ions.  When  a  stream  of 
ions  is  moving  under  the  action  of  an  electric  force  the 
deflection  of  the  stream  from  the  direction  of  the  electric 
force  may  be  measured  by  the  ratio 

(/jj       m 
The  deflection  varies  with  the  pressure  since  T,  the  mean 
interval  between  collisions,  is  inversely  proportional  to  the 
pressure  of  the  gas.    Also  when  e/m  is  constant  the  deflection 
is  independent  of  the  electric  force. 
The  valne  of  tan  0  may  be  written  in  various  forms,  thus 
^      ^      H   Xe  „     HU 
X'm~Z' 
Hence  the  velocity  U  in  the  direction  of  the  electric 
force  may  be  determined  by  observing  the  deflection  6 
produced  by  the  magnetic  force  H. 

When  the  deflection  is  small  the  free  paths  are  only 
slightly  burved  by  the  action  of  the  magnetic  force,  since 
the  radius  r  of  the  circle  described  by  the  ion  in  the  plane 


described  between  collisions  is  v .  7. 

Hence  -  = =  tan  0. 

r        m 

The  length  of  the  arc  a  described  by  the  ion  is  therefore 
small  compared  with  the  radius  of  the  circle. 
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CHAPTER  rv 

THE  VELOCITY  OP  IONS  IN  AN  ELECTRIC  FIELD 

04.  Velocity  of  ions  in  gueB  at  high  preuorea.  The 
velocity  acquired  by  iona  under  the  action  of  an  electric 
force  was  first  determined  by  Rutherford  in  the  cases  in 
which  the  ions  were  generated  in  gasea  at  atmospheric 
pressure  by  Rdntgen  rays  and  Beoqnerel  rays.  He  found 
that  in  air  the  sum  of  the  velocities  of  the  positive  and 
negative  ions  produced  by  RSntgen  rays  was  3-2  centi- 
metres per  second  under  a  force  of  one  volt  per  centimetre* 
Afterwards,  by  a  method  similar  to  that  used  by  McClelland 
to  investigate  the  velocities  of  the  ions  from  flames,  it  was 
shown  that  the  mobility  of  the  ions  produced  by  uraninm 
oxide  t  was  the  same  as  that  of  the  ions  produced  by 
Bdutgen  rays.  lu  this  method  a  stream  of  gas  is  blown 
between  two  concentric  (flinders  and  the  potential  differ- 
ence between  the  cylinders  necessary  to  remove  a  certain 
proportion  of  the  ions  from  the  gas  is  found.  The  principle 
was  subsequently  applied  by  Zeleny  to  determine  accurately 
the  velocities  of  the  positive  and  negative  ions. 

Rutherford  also  determined  the  velocity  of  the  negative 
ions  set  free  from  a  metal  surface  by  ultra-violet  light,  hy 
measuring  the  distance  the  ions  travelled  from  the  plate 
under  the  action  of  an  alternating  force,  j:  The  value  of  the 
velocity  thus  found  for  negative  ions  in  air  at  atmospheric 
pressure  was  1-4  centimetres  a  second  under  au  electric 
force  of  1  volt  per  centimetre,  which  is  of  the  same  order 
as  the  Telocity  of  the  iona  produced  by  RSntgen  rays,  but 

*  E.  Butherford,  Phil.  Hag.  (5)  44,  p.  429,  1897. 

■t  Id.,  Phil.  Mag.  (5)  47,  p.  109,  1899. 

t  Id.,  Proc.  Camb.  Phil.  Soc.  9,  p.  410,  1898. 
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is  smaller  than  the  velocity  of  negative  ions  as  fonnd  by 
the  more  accurate  investigations  of  Zeleny  and  Langevin. 

Zeleny.who  was  the  first  to  make  accurate  determinations 
of  the  velocities  of  ions  generated  by  Rontgen  rays,  found 
that  there  was  a  considerable  difference  between  the 
velocities  of  the  positive  and  negative  ions. 

Langevin,  using  a  different  method,  obtained  results  in 
good  aooordauce  with  Zeleny's,  .and  in  addition  investi- 
gated the  effect  of  reducing  the  pressure.  It  was  found 
that  the  velocity  of  the  positive  iona  was  inversely  pro- 
portional to  the  pressure,  the  same  law  holding  for  the 
negative  ions  except  at  the  lower  pressures,  when  it  was 
observed  that  the  velocity  increases  more  rapidly  than  the 
inverse  of  the  pressure. 

The  effects  obtained  at  low  pressures  were  subsequently 
investigated  more  fully  by  Lattey,  who  found  that  the 
velocity  of  the  negative  iona  was  proportional  to  the  force 
X  and  inversely  proportional  to  the  pressure  y  for  small 
values  of  the  ratio  X/p.  For  large  values  of  X/p  the 
velocity  increases  more  rapidly  than  the  ratio  X/p,  and 
eventually  the  velocity  undergoes  large  changes  when  small 
variations  are  made  in  the  force  or  in  the  pressure. 

The  smallervelocities  maybe  determined  by  these  methods, 
which  are  all  founded  on  the  principle  of  measuring  the 
interval  of  time  occupied  by  the  ions  in  travelling  a  given 
distance  in  the  direction  of  the  electric  force.  It  has,  how- 
ever, been  found  impracticable  to  measure  thus  directly 
velocities  of  an  order  greater  than  6x  10^  centimetres  per 
second. 

In  order  to  investigate  the  conditions  under  which  higher 
velocities  are  obtained,  a  method  depending  on  the  ^ect 
of  a  magnetic  force  on  a  stream  of  ions  moving  in  an 
electric  field  has  recently  been  used.*  It  is  applicable  to 
high  velocities  of  any  order,  provided  that  the  motion  of 
the  ions  is  controlled  by  the  viscons  resistance  of  the  gas 

•  J.  8.  Towngend  and  H.  T.  Tkarf,  Proc.  Boy.  Soc.  A,  87,  p.  357, 1B12 : 
88,  p.  S86, 1918. 
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to  such  an  extent  that  the  velocity  under  the  electric  force 
assumes  a  constant  valne. 

00.  Telocity  in  gases  at  atmoBptkerio  presBure.  Zelenp's 
inrestigations.  The  priuoiple  of  the  method  used  by 
Zeleny,*  for  gases  at  atmospheric  presaure,  is  shown  by  the 
diagram  fignre  16,  which  represents  the  essential  part  of 
the  apparatus. 


Fignre 


The  gas  is  passed  from  one  gasometer  to  another  through 
a  long  wide  tube  A,  provided  with  two  coaxal  cylinders 
B  and  G  insulated  from  each  other  by  a  narrow  air-gap  G. 
The  potential  E  of  the  onter  cylinder  A  is  adjustable  aud 
is  either  positive  or  negative  according  as  it  is  desired  to 
collect  the  positive  or  negative  ions  on  the  inner  cylinders. 
The  cylinder  B  is  connected  to  earth,  and  the  cylinder  C  is 
insulated  and  connected  to  a  pair  of  qoadrants  of  a  sensitive 
electrometer.  The  electrometer  deflections  being  always 
small,  the  potentials  of  the  two  cylinders  B  and  C  are 
approximately  the  same.  The  stream  of  gas  is  run  at 
a  uniform  rate  along  the  space  between  the  outer  and  inner 
cylinders  and  is  ionized  by  a  beam  of  BSutgen  rays  R 
which  is  limited  by  lead  screens  to  a  narrow  space  between 
two  planes  perpendicular  to  the  axis  of  the  tube. 
*  J.  Zelenj,  Phil.  Tnnt.  A,  186,  p.  198, 1900. 
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The  ions  are  carried  by  the  stream  in  a  direction 
parallel  to  the  axis  of  the  tubes,  and  move  along  directions 
perpendicular  to  the  axis  under  the  action  of  the  electric 
force.  When  the  potential  E  is  sufficiently  high,  the  ions 
that  move  inwards  are  all  collected  on  the  electrode  B,  and 
as  the  potential  is  reduced  the  distance  they  are  carried  by 
the  stream  increases,  and  eventoally  some  of  the  ions  reach 
the  electrode  G  and  an  electrometer  deflection  is  obtained. 
The  ions  which  first  reach  the  electrode  G  are  those 
generated  at  the  surface  of  the  outer  tube,  and  their  paths 
are  in  the  form  of  the  curves  8  when  the  potential  E  is 
adjusted  so  that  the  electrometer  just  begins  to  be  affected. 
The  velocity  of  the  ions  under  unit  electric  force  may  be 
calculated  in  terms  of  this  potential  and  the  quantity  of 
gas  passing  through  the  tube  per  second. 

Let  a  be  the  distance  from  the  beam  A  to  a  point  on  the 

gap  (?  midway  between  the  electrodes  B  and  C,  r,  the  radius 

of  the  large  tube  and  r^  the  radius  of  the  inner  electrode. 

The  ions  generated  at  the  sur&ce  of  A  travel  the  distance 

rj  — rj  under  the  electric  force  while  they  are  carried  a 

distance  a  by  the  stream-    Let  r  be  the  distance  of  an  ion 

at  any  point  P  of  its  path  S  from  the  axis  of  the  cylinders, 

z  the  distance  of  the  point  P  from  the  plane  of  R.    The 

electric  force  X  at  any  point  is  inversely  proportional  to 

}',  and  if  E  is  the  potential  difference  between  the  outer 

E 

and  inner  electrodes  then  X  =  -j ;—  ;  so  that  if  &  be 

r  log  )-,/rj 

the  mobility,  or  the  velocity  of  an  ion  under  unit  electric 

force,  the  velocity  towards  the  axis  at  P  is  -^ 7—  ■ 

■'  r  log  r,/r( 

Thus  in  the  time  dt  the  ion  travels  a  distance  dr  towards 

the    axis    given   by   the    equation    dr  =  — j — ~y-   and   a 

distance  dx  along  the  axis  equal  to  udt,  where  u  is  the 

velocity  of  the  stream.     Hence  unlr  =  ; r—  .  dx. 

logVr, 

Multiplying  this  equation  by  2v  and  integrating  along 
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the  whole  lebgth  of  the  oarve  S  the  equation  to  determioe 
it  is  as  follows : 

f'  „        .        2irkEa 

The  expreBsioQ  on  the  left  of  this  equation  represents  the 
volume  of  gas  Q  passing  through  the  tube  per  seoouii,  hence 
i^Qlogr^ 
2iiaE 

In  order  to  obtain  accurate  results  it  is  necessary 
that  the  secondary  radiation  should  prodnce  inappreciable 
effects  between  the  primary  beam  and  the  electrode  C. 
Any  ions  thus  produced  near  the  sarfaoe  of  the  larger 
cylinder  would  reach  the  electrode  0  when  E  is  adjusted 
so  that  the  ions  produced  by  the  beam  R  travel  along  the 
path  S,  In  Zeleny's  experiments  the  tubes  were  made  of 
aluminium  whic^  gives  out  a  small  secondary  radiation, 
so  that  probably  no  serious  error  is  thus  introduced. 

96.  Frinoiple  of  ZAngevin'a  method.  In  the  method  used 
by  Langevin  *  to  determine  the  velocities  of  ions,  the  gas 
was  at  rest  in  the  space  between  two  porolUI-plate  electrodes 
and  was  ionized  by  rays  given  out  by  a  single  discharge 
(that  lasts  for  a  very  short  period)  through  a  Eontgen- 
ray  tube.  The  electric  field  was  established  between  the 
electrodes  before  the  discharge  was  passed,  and  was  reversed 
after  a  short  interval  of  time  t.  Thus  ions  of  one  sign 
were  collected  on  one  electrode  for  a  time  t,  and  afterwards 
all  the  ions  of  opposite  sign  that  were  in  the  gas  at  the 
instant  the  force  was  reversed  were  collected  on  the  same 
electrode.  The  total  effect  was  measured  by  having  the 
insulated  plate  connected  to  an  electrometer.  The  experi- 
mental investigation  consisted  in  finding  the  charges 
acquired  by  the  insulated  electrode  for  different  values  of 
the  time  t. 

When  the  space  between  the  plates  ABand  CD,  figure  17, 

*  P.  Langevin,  Comptei  rendoB,  184,  p.  646, 1902 ;  Annftlea  deChimie 
et  ae  Pli7iiqae,  (7j  28,  p.  289,  1903. 


^laiiizodbvGoogle 


108  THE  VELOCITY  OF  IONS 

is  ionized  nniformly  throaghont  the  volume  by  a  beam  of 
rays,  it  is  easy  to  calculate  the  charge  acquired  by  one  of 
the  electrodes  in  terms  of  the  yelocities  kj  and  k,  of  the 
positive  and  negative  ions  under  unit  electric  force. 

Let  X  be  the  electric  force,  #hich  is  applied  for  the  time 
t  before  reversal,  and  let  the  positive  ions  move  towards  AB. 
During  the  interval  t  the  negative  ions  generated  in  the 
space  between  the  electrode  OD  and  a  parallel  plane  at 
a  distauce  k^Xt  are  collected  on  the  electrode  CD,  and  the 
poaitive  iona  generated  in  the  space  of  thickness  k^Xt  are 
collected  on  the  electrode  AB.  At  the  instant  of  reversal 
there  remain  in  the  gas  the  negative  ions  that  were  pro- 
duced in  the  layer  of  thickness  l—k^Xt,  which  have  their 
direction  of  motion  reversed  and  are  collected  by  the  plate 
AB.    Thus  the  total  charge   q  acquired  by  AB  is  pro- 


iKXt 


Figure  17. 

portional  to  ~l+{ki  +  k^)Xtv/h»n  t  is  small  and  k^Xt  does 
not  exceed  I. 

Thus  q  increases  uniformly  with  the  time  t,  having  a 
value  —  Q  when  t=0.  When  t  exceeds  l/k^X  all  the 
negative  ions  are  collected  on  the  electrode  CD  before  the 
force  is  reversed,  and  q  is  then  proportional  to  k^Xt,  so  that 
at  the  point  f,  =  l/k^X  the  rate  of  increase  of  q  with  the 
time  t  changes  abruptly  irom  {k^-^k^X  to  k^X.  As  the 
period  t  is  farther  increased,  the  time  2,  =  l/kjX  is  reached 
when  all  the  positive  ions  are  collected  on  the  electrode 
AB  and  q  remains  constant  for  larger  values  of  t.  The 
value  of  j  in  terms  of  t  is  thus  represented  by  the  curve, 
figure  18. 

The  curve  found  experimentally  agrees  with  the  theo- 
retical curve  and  has  two  points  corresponding  to  times  t, 
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and  t^  at  which  there  is  an  abrupt  change  in  the  slope  of 
the  carve. 

When  tiiere  is  intense  secondary  radiation  at  one  of  the 
plates,  as  for  instance  when  the  electrode  AB  is  of  lead, 
then  when  t  is  zero  the  charge  aoqaired  by  that  electrode  is 
negative  as  before,  hut  as  t  increases  the  number  of  positive 
ions  acquired  by  AB  increases  rapidly.  This  is  obvious, 
since  in  the  interval  t  before  the  potential  is  reversed  the 
positive  ions  generated  in  the  layer  of  thickness  k^Xt  near 
the  electrode  are  collected  on  the  plate  AB.  Also  when  t 
approaches  the  value  (,  =  l/k^X  the  negative  ions  generated 
near  ^£  begin  to  reach  the  electrode  CD,  and  the  charge  q 


Figure  18. 


Figure  19. 


acquired  by  AB  approaches  rapidly  the  value  -\-Q.  When 
t  attains  the  value  \  all  the  negative  ions  are  collected  on 
the  electrode  CD,  and  the  charge  acquired  by  ^B  is  leas 
than  the  maximum  +  Q  by  a  small  quantity  corresponding 
to  the  positive  ions  generated  near  the  electrode  CD  which 
do  not  reach  AB  before  the  force  is  reversed.  The  value 
of  g  in  terms  of  i  is  then  given  by  the  curve  1,  figure  19. 

When  the  electric  force  is  applied  in  the  opposite  direc- 
tion initially,  the  negative  ions  are  collected  during  the 
period  (  on  the  plate  AB  and  q  is  given  by  the  curve  2, 
figure  19.  There  is  a  small  change  in  the  slope  of  the 
curve  when  (  =  ig  and  a  large  change  when  t  =t^,  which 
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ia  the  time  required  for  the  large  number  of  positive  lona 
that  are  generated  near  the  surface  of  AB  to  reach  the 
electrode  CD,  and  at  that  time  the  electrode  AB  has  acquired 
the  charge  —  Q. 

87.  Apparatus  used  by  Iiangerin  for  determinationB  at 
difEbreat  presBures.  It  19  necessary  in  these  experiments 
to  have  a  special  device  for  reversing  the  potential  of  one 
of  the  plates  when  a  short  interval  of  time  has  elapsed 
after  the  discharge  has  passed  through  the  Edntgen-ray 
tube.    Also,  in  order  to  obtain  accurate  results,  it  is  neces- 


Figan  20. 

sary  to  avoid  errors  that  may  arise  from  variations  in  the 
intensity  of  the  rays.  The  principle  of  the  arrangement 
of  the  apparatus  that  -was  used  is  shown  in  figure  20. 
A  heavy  weight  falling  through  a  known  height  operated 
two  keys  at  different  distances  from  the  point  at  which  it 
starts.  The  first  key,  K^,  breaks  the  primary  circuit  of  the 
coil  working  the  discharge  tube,  and  the  second  key,  A'j, 
reverses  the  electric  force  between  AB  and  CD,  R  being 
a  large  resistance. 

The  compensating  charge  acquired  by  A'B"  was  adjusted 
to  be  equal  and  oppt^ite  to  the  maximum  charge  acquired 
by  AB  by  ionizing  the  gas  between  the  two  sets  of  elec- 
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trodes  with  rays  from  the  same  bnlb,  and  limiting  the  beams 
that  fell  on  CD  and  CD'  so  that  the  electrometer  gave  no 
deflection  -when  constant  forcea  of  opposite  sign  were 
established  between  the  two  pairs  of  electrodes. 

If  in  a  time  t  after  a  single  discharge  through  the  bulbs 
the  force  between  AB  and  CD  is  reversed,  then  the  total 
charge  acquired  by  AB  and  A'B"  will  continue  to  be 
zero  for  large  values  of  t.  The  times  t,  and  t^  are  deter- 
mined as  the  minimum  times  that  elapse  between  the 
discharge  and  the  reversal  of  the  field  when  the  electrometer 
is  unaffected. 

88.  Values  of  the  velocity  at  ordinary  presfiaree.  The 
velocities  obtained  by  the  various  methods  are  given  in  the 
following  tables.  The  numbers  given  by  Zeleny  for  gaaea 
at  atmospheric  pressure  were  obtained  from  experiments 
in  which  various  forces  were  used,  and  the  effect  of  moisture 
on  the  velocity  was  also  examined.  The  velocity  was  found 
to  be  proportional  to  the  force.  The  following  are  the 
velocities  k^  and  k^  of  the  positive  and  negative  ions,  in 
centimetres  per  second,  for  an  electric  force  of  one  volt  per 
centimetre  in  dry  and  moist  gases.  The  temperature  in 
degrees  centigrade  of  the  gas  is  given  in  the  column  T. 

Moiek  gasea. 


Drygaw* 

*. 

t, 

T 

Air 

Oxygwi 
Hydrogen 
Carbon  dioxide 

1-36 
186 
6-70 
■76 

1-87 
1-80 
7-95 
■81 

13-5 
17-0 
20-0 
17-5 

The  ions  in  these  experiments,  as  also  in  Langevin's 
experiments,  were  generated  by  the  action  of  BSntgen  rays. 

The  effect  of  pressure  on  the  velocities  of  the  ions  is 
shown  by  the  following  numbers  given  by  Langevin  for 
the  velocsities  in  diy  air  at  various  pressures  p,  \  and  Jt, 
being  the  velocities  of  the  positive  and  negative  ions  in 
a  field  of  one  volt  per  centimetre. 
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7-5 

14-8 

21-9 

1-46 

216 

200 

5-45 

7-35 

1-43 

1-97 

41-5 

261 

3-31 

1-42 

1-77 

760 

1-40 

1-70 

1-40 

1-70 

143-5 

■75 

1-42 

142-0 

„ 

■90 

— 

l'S8 

The  nombers  in  the  fourth  colamn  show  that  the  velocity 
of  the  positive  ions  is  inversely  proportional  to  the  pressurt, 
and  those  in  the  lost  column  show  that  for  negative  ioilb 
the  product  of  the  velocity  and  the  pressure  increases  as  thb 
pressure  diminishes. 

09.  Velocities  in  diStBrent  gases  and  vapours.  EStet  it 
oxygen  on  the  negative  ions  in  argon  and  nitrogen.  ThI 
velocities  of  ions  in  a  large  number  of  gases  and  vapoufl 
have  been  determined  by  Wellisch,'"  adopting  the  methoS 
used  by  Langevin. 

The  following  table  gives  the  velocities  k^  and  k^  of  thi 
positive  and  negative  ions  for  one  volt  per  centimetre,  al 
a  preasore  of  760  mm.  The  moleoular  weights  and  absoktV 
critical  temperatures  are  given  in  the  first  and  second 
columns  of  numbers. 


Formula. 


Uole- 
veight. 


Absolate 
critical 
tempera- 
ture. 


64.5 


Air 

Cubon  monoxide 

Carbon  dioxide 

Nitroai  oxide 

Ammonia 

Aldehyde 

Ethjl  alcohol 

Acetone 

Sulphur  dioxide 

Ethjl  chloride 

Pentane 

Methyl  acetate 

Kthjl  formate 

Ethjrl  ether 

Ethvl  acetate 

Uetnyl  bromide 

Uethjl  iodide 

Carbon  tetrachloride 

Ethyl  iodide  C,U,l  156 

•  £.  H.  Welliacb,  Phil.  Tram.  A,  a09,  { 


k,  kt 


N,6 


C,H,0 


80, 

C-HjCl 
CsHu 
C.H,0, 
C.H.O, 
C,H,,0 

CH,I 

ccf. 
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The  valaes  of  k^  and  li:^  for  heliam  were  detdrmiued  by 
Franck  and  Pohl  *  by  a  method  similar  to  that  tised  by 
Bnthdrford  to  determine  the  velocities  of  the  ions  set  iree 
by  ultra-violet  light.  The  numbera  they  obtained  are  609 
cbntimetree  per  second  for  the  positive  ions  and  6-31  centi- 
dletres  per  second  for  negative  ions,  at  normal  pressure  and 
temperature. 

The  velocities  in  argon  and  nitrogen  that  had  been  care- 
fully pttiified  were  subsequently  investigated  by  Frauok.f 

Very  little  effect  was  produced  by  impurities  on  the 
itiotion  of  the  positive  ions,  and  the  values  of  A;,  were  found 
tb  be  1-37  and  1-27  centimetres  per  second  in  argon  and 
ditrogen  respectively. 

With  negative  ions  the  velocities  were  very  high  in  the 
{lure  gases,  k^  being  206  centimetres  per  second  in  pore 
Argon.  When  1*2  per  cent,  of  oxygen  was  admitted,  the 
Velocity  fell  to  1-7  centimetres  per  second  and  remained 
At  the  value  when  the  amount  of  oxygen  was  raised  to 
10  per  cent  Similarly  in  nitrogen,  when  the  gas  is  pare 
the  value  of  k^  was  found  to  be  144  centimetres  per  second, 
but  with  a  small  percentage  of  oxygen  the  value  fell  to 
1-84  centimetres  per  second. 

These  results  are  interesting,  as  they  show  that  the  group 
formed  by  oxygen  molecules  round  a  negative  ion  is  larger 
and  more  stable  than  that  formed  by  the  molecules  of 
nitrogen  or  argon. 

As  the  velocities  were  determined  by  an  alternating  force, 
the  value  of  the  force  to  which  these  results  correspond  can 
only  be  obtained  within  certain  limits.  Other  investiga- 
tions show  that  the  effect  of  impurities  on  the  velocity  of 
the  negative  ions  depends  on  the  pressure  of  the  gas  and  the 
electric  force  that  is  applied.  At  low  pressures  the  high 
velocity  of  the  negative  ions  is  not  aflfected  by  comparatively 
large  percentages  of  oxygen.    Thus,  in  dry  air  at  20  milli- 


■  J.  Franck  and  R.  Pohl,  Deutfch.  PbjB.  OewlUch.,  Terh.  9,  p.  195, 
1807. 

+  J.  Franck,  DentBch.  Phja.  anelUcb.,  Verb.  19,  p.  291,  1910,  and 
Verb.  12,  p.  613,  1910. 
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metres  pressure,  X^attey  found  that  the  velocities  of  the 
positive  and  negative  ions  were  106  and  3,500  centimetres 
per  second  respectively,  under  an  electric  force  of  two 
volts  per  centimetre.  If  a  Bmall  percentage  of  oxygen  had 
the  same  effect  here  as  at  higher  pressures,  the  latter 
velocity  would  have  been  about  140  centimetres  per  centi- 
metre. 

Water  vapour  behaves  in  a  similar  manner,  but  is  more 
effective  than  oxygen.  When  a  small  percentage  of  water 
vaponr  is  present  in  air  at  20  millimetres  pressure,  thevelooity 
of  the  negative  ions  under  a  force  of  2  volts  per  centimetra 
is  of  the  same  order  as  the  velocity  of  the  positive  ions.  This 
effect  ceases  as  the  pressure  is  reduced  and  the  force  is 
increased,  as  has  been  found  in  many  experiments.  For 
example,  when  the  ratio  XJ-p  is  of  the  order  required  to 
obtain  new  ions  by  the  collisions  of  negative  ions  with 
molecules,  the  mass  of  the  negative  ions  is  not  influenced  by 
the  presence  of  water  vapour.  The  negative  ions  under 
these  conditions  move  as  free  electrons  and  generate  new 
ions  by  collisions  in  water  vaponr  as  in  dry  gases. 

100.  VelDOity  of  negative  ions  In  terms  of  tlie  ratio  2^. 
The  methods  of  determining  the  velocities  of  ions  described 
in  the  preceding  sections  are  applicable  to  cases  in  which 
the  ratio  of  the  force  to  the  pressure  is  small.  In  these 
cases  the  velocity  is  proportional  to  the  ratio  X/p  both  for 
positive  and  negative  ions.  When  the  pressure  is  reduced 
and  X/p  is  of  the  order  -06  or  -1  (X  being  in  volts  per  centi- 
metre and  p  in  millimetres  of  mercury)  the  velocity  of  the 
negative  ions  in  air  increases  rapidly  with  the  force. 
Under  these  conditions  the  motion  of  the  ions  in  the 
direction  of  the  electric  force  may  be  measured  by  the 
method  used  by  Lattey,  when  the  velocity  does  not  exceed 
3x10'  centimetres  per  second.  With  larger  values  of  the 
ratio  X/py  when  velocities  of  the  order  1 0'  or  1 0^  centimetres 
per  second  are  obtained,  it  is  necessary  to  use  a  method 
depending  on  the  action  of  a  magnetic  force  on  the  motion 
of  a  stream  of  ions. 
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In  the  method  used  by  Lattey  *  an  electric  force  X  is 
applied  to  the  space  between  two  parallel  gauzes  G  and  G' 
for  a  short  time  i  and  is  then  replaced  during  an  equal 
interval  of  time  by  a  somewhat  larger  force  in  the  opposite 
direction.  Ions  are  supplied  to  the  gauze  Q  from  the  side 
remote  from  (?',  so  that  some  of  the  ions  that  come  through 
the  gauze  G  will  reach  &'  i£  Ut  =  I,  U  being  the  Telocity  of 
the  ions  and  I  the  distance  between  the  two  gauzes.  When 
(  is  less  than  l/U  none  of  the  ions  reach  G',  and  when  the 
force  is  reversed  they  are  all  brought  back  again  to  G. 
The  arrangement  of   the    apparatus    for    measuring    the 
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Figure  21. 
velocities  on  this  principle  is  shown  in  figure  21.  The  gas 
is  contained  in  a  brass  cylinder  with  aa  aluminium  window 
IT  through  which  the  Rontgen  rays  enter  the  apparatus 
and  fall  on  the  metal  surface  S,  which  gives  off  secondary 
rays  that  ionize  the  gas  in  the  space  between  the  plate  P 
and  the  gauze  G.  A  fixed  difference  of  potential  is  estab- 
lished between  P  and  6  by  means  of  an  insulated  battery. 
The  second  gauze  0'  is  raised  to  a  fixed  potential  so  that 
the  force  X  from  G'  to  the  insulated  electrode  A  should  be 
in  the  same  direction  as  the  force  from  P  to  G. 


'  R.  T.  Uttejr,  Froc  R07.  Soc  A,  84,  p.  173, 19ia 
I  2 
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By  means  of  a  rotating  commutator  at  e,  the  alternate 
.  segments  of  which  were  at  potentials  V  and  V  with  respect 
to  6',  a  field  of  force  X  =  V/l  was  created  between  0  and  Q' 
for  a  time  t  and  then  changed  for  an  equal  time  to  a  larger 
force  V'/l  in  the  opposite  direction.  The  electrode  A  is 
connected  to  an  electrometer,  which  is  deflected  when  any 
of  the  ions  that  pass  through  0  reach  the  second  gauze  O', 
since  some  of  them  will  pass  through  the  openings  in  the 
gauze  and  come  into  contact  with  the  plate  A.* 

The  Bontgen-ray  tube  giving  out  the  primaty  rays  is 
excited  by  an  induction-coil  with  an  ordinaiy  interrupter 
in  the  primary  coil,  and  the  rays  may  be  allowed  to  act  for 
any  convenient  period  while  the  commutator  la  rotating. 
The  electrometer  receives  no  charge  when  the  commutator 
rotates  with  a  high  velocity,  but  as  the  speed  ia  reduced 
and  t  reaches  the  value  l/V  the  electrometer  begins  to  be 
deflected. 

Small  variations  in  the  intensity  of  the  rays  do  not 
affect  the  accuracy  of  this  method  of  measuring  the 
velocities. 

101.  Iiattey's  detenuinstions  with  air  at  low  pressures. 
Efftot  of  water  vapour.  With  positive  ions  Lattey  found 
that  the  velocity  is  proportional  to  the  ratio  X/u,  with 
pressures  varying  from  14-3  to  28-8  millimetres,  and  electric 
forces  from  1-6  to  2-7  volts  per  centimetre.  The  mean 
value  of  Up/X  for  a  large  number  of  determinations  was 
1120,  which  corresponds  to  a  velocity  of  1*475  centimetres 
per  second  at  atmospheric  pressure,  under  a  force  of  one 
volt  per  centimetro. 

At  these  pressures  the  velocity  of  the  negative  iona 
increases  more  rapidly  than  the  electric  force,  so  that  it  is 
necessary  to  record  both  the  force  and  pressure  at  which 

*  The  object  of  the  second  mute  0'  is  to  acmn  the  insulated  plRt«  A 
from  the  electric  effects  of  the  altematioiir  field.  If  Q'  were  removed 
and  the  plate  A  Bubatitnted,  the  apparatus  wonld  work  as  before,  but 
thero  would  be  difficult;  in  determiniDfr  accurately  the  force  from 
G  to  A  when  the  potential  of  Ovaries  from  +Fto  —  K,  and  alio  in 
maintaininft  a  uniform  force  X  from  <?  to  ^.  The  introduction  of  the 
second  genu*  removes  these  difficulties. 
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the  velocity  is  determined.  The  following  table  gives  the 
velocities  of  negative  iooa  in  centimetres  per  second  for  air 
at  preasores  p,  when  different  forces  X  are  acting.  The 
numbeis  at  the  head  of  each  column  represent  the  ratio 
X/pt  X  being  in  volts  per  oentimetre  and  p  in  millimetres 
of  mercury : 


p 

X/p^Q-Qi 

0-05 

0-06 

0-07 

0-08 

009 

14-3 

107 

176-5 

310 

680 

1126 

(2200) 

18-4 

103 

163 

279 

514-5 

1106 

(3050) 

24-5 

(119-5) 

172-5 

286 

509 

936-5 

1799 

28-8 

116 

180 

298-5 

519-5 

986 

(1652) 

Heon 

112-5 

175-2 

287-8 

510-5 

SS3 

1845 

The  numbeis  in  brackets  were  obtained  by  extrapolation, 
and  are  only  approximate  valaes. 

The  table  shows  that  the  velocity  is  increased  in  the 
proportion  8-6  : 1  when  X/p  is  increased  irom  -04  to  -08. 

Over  the  above  range  of  pressures  the  velocity  is  approxi- 
mately a  iunction  X/p  only,  hut  the  numbers  obtained 
with  the  higher  forces  show  that  the  velocity  rises  more 
rapidly  by  reducing  the  pressure  than  by  making  pro- 
portional increases  in  the  force. 

lOS.  Telooities  in  bydrogen  and  oarbon  dioxide  at  low 
preuuiea.  Similar  experiments  were  made  with  hydrogen 
and  carbon  dioxide  at  low  pressures  by  Lattey  and  Tizard.* 
With  forces  from  1-26  to  3  volts  per  centimetre  the  velocities 
of  positive  ions  in  dry  carbonic  acid  were  proportional  to 
the  ratio  X/p  for  pressures  from  3-68  to  13  millimetres, 
the  mean  value  of  pU/X  being  642,  This  corresponds  to 
a  velocity  of  -84  centimetres  per  second  at  atmospheric 
pressure  under  a  force  of  one  volt  per  centimetre. 

The  velocity  of  positive  ions  in  hydrogen  was  approxi- 
mately proportional  to  the  ratio  X/p  for  pressures  between 
72  millimetres  and  5  millimetres  when  forces  of  the  order 
of  2  volte  per  centimetre  were  used.  The  mean  value  of  the 
quantity  pU/X  was  4068,  but  the  numbers  obtained  at  the 
lower  pressures  were  a  few  per  cent,  greater  than  those 

*  S.  T.  Lattey  and  H.  T.  Tizard,  Pioc.  R07.  Soc.  A,  66,  p.  349, 1912. 
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foand  at  the  higher  pressures.  This  nnmber  corresponds  to 
a  velocity  of  5-31  coDtimetres  per  second  for  one  volt  per 
centimetre  at  atmospheric  pressure. 

With  negative  ions  the  results  were  similar  to  those 
obtained  with  air.  In  carbonic  acid,  with  forces  of  the 
order  of  2  volts  per  centimetre,  and  pressures  ranging  from 
20  to  10  millimetres,  the  following  are  the  velocities  that 
were  obtained : 

X/p       -08       09      -10      -11       .12        -13         U        -15        -16        -17 


The  corresponding  numbers  for  hydrogen  with  similar 
forces,  and  pressures  ranging  from  197  to  67  millimetres, 
were  as  follows: 

XIp     -010    -012    -014    -016     -018     -020     -022     -024      -026       -027 
U      68       95      127      174      236      336      489      780       1100      1347 

The  velocities  of  the  negative  ions  for  the  above  values 
of  X/p  are  very  much  reduced  when  the  gas  is  slightly 
moist.  Thus  with  a  very  small  percentage  of  water  vapour 
the  velocity  in  air  was  1,302  centimetres  per  second  when 
S/p  =  -11,  the  velocity  in  dry  air  being  probably  about 
7500.  When  a  larger  percentage  of  water  vapour  is 
present,  2'1  millimetres  in  a  total  of  16  millimetres,  the 
velocity  was  found  to  be  1 1 3  centimetres  per  second  when 
X/p  =  -127,  which  is  of  the  order  of  one  hundredth  of  the 
velocity  in  dry  air  for  the  same  force  and  pressure.  This 
is  a  large  effect  compared  with  that  obtained  at  atmospheric 
pressure  with  small  forces,  for  under  those  conditions,  as 
appears  from  Zeleny's  determinations,  the  velocity  under 
a  force  of  one  volt  per  centimetre  is  187  centimetres  per 
second  in  dry  air,  and  1-51  in  air  saturated  with  water 
vaponr. 

103.  Transitioii  &om  ionio  to  electronic  state  as  X/p 
increases.  The  velocities  of  positive  and  negative  ions  in 
dry  air  are  given  by  the  curves,  figure  22,  as  a  function  of 

X/p. 
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For  poedtiTe  ions,  the  quantity  jp^.^  is  constant  and  the 
curve  is  a  straight  line,  the  value  ol'  the  constant  being 
about  1080,  which  is  the  mean  of  the  values  obtained  by 
Zeleny,  Langevin,  and  Lattey. 

The  carve  representing  the  velocity  of  the  negative  iona 
is  a  straight  line  for  the  smaller  values  of  ^jp,  and  the 
equation  of  the  curve  near  the  origin  is  pU/X=-  1350.  For 
the  larger  values  of  X/p  the  velocity  increases  rapidly  and 
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Figure  22. 

the  curve  becomes  inclined  at  a  very  small  angle  to  the 
axis  of  ^  when  X/p  =  -10. 

From  the  results  of  the  experiments  on  the  mobility  and 
the  rate  of  diffusion  of  ions  into  gases  the  dimensions  of  the 
ions  may  be  estimated  in  terms  of  the  dimensions  of  mole* 
cules  of  gases.  It  may  be  shown  that  when  the  velocity  is 
proportional  to  X/p,  the  mass  associated  with  the  ion  is 
a  constant,  hence  for  a  large  range  of  pressures  and  forces 
the  groups  of  molecules  that  move  with  the  positive  and 
negative  ions  are  unaltered  by  the  force  or  the  pressure. 
The  above  experiments  show  that  the  velocity  of  the 
negative  ions  inoreasea  rapidly  as  the  value  of  X/p 
increases  above  certain  values,  which  indicates  that  the 
mass  associated  with  the  negative  ions  diminishes  as  the 
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liigher  values  of  X/p  are  attained.  Since  there  is  no 
correeponding  effect  with  positive  ions,  it  appears  that  the 
groap  of  molecules  that  move  with  the  negative  ions  when 
X/p  is  small  is  more  unstable  than  that  which  moves  with 
the  positive  ions,  and  that  the  stability  is  greatly  increased 
when  there  is  a  small  proportion  of  water  vapour  in 
the.  gas. 

101.  Velooitjr  of  eleotrona  under  an  eleotrio  force.  This 
increased  mobility  of  the  negative  ions  may  be  investigated 
by  determining  the  motion  of  the  ions  in  a  magnetic  field, 
and  &om  the  results  obtained  it  appears  that  under  forces 
of  one  or  two  volts  J)er  centimetre,  negative  ions  move 
along  some  of  their  free  paths  in  air  at  10  millimetres 
pressure  as  if  the  mass  associated  with  the  negative  ion 
were  very  small  compared  with  the  mass  of  a  molecule  of  the 
gas.  Thus  even  when  the  pressure  of  the  gas  is  sufficiently 
high  to  control  the  motion  of  the  ions  so  that  they  attain 
a  constant  velocity  under  an  electric  force,  the  negative 
ions  begin  to  assume  the  electronic  state. 

It  has  been  shown  in  section  93,  that  the  velocity  TJ  of 
an  ion  in  an  electric  field  X  may  be  deduced  &om  the  de- 
flection of  a  stream  of  ions  in  a  magnetic  field.  Thus  if 
the  direction  of  motion  of  an  ion,  in  a  magnetic  field  of 
intensity  U,  makes  an  angle  &  with  the  direction  of  the 
electric  force,  the  deflection  is  given  by  the  formula 

tan9  =  ^«.3', 

where  T  is  the  interval  between  the  collisions  of  the  ion 
with  the  molecule  of  the  gas. 
The  velocity  due  to  the  electric  force  is 

m 

so  that  V  ■=  — ——    ■ 

This  equation  may  also  be  obtained  from  elementary 
principles  if  it  be  assumed  that  the  ions  move  with  a 
constant  velocity  fA  in  a  resisting  medium.    In  this  case 
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the  forces  acting  on  the  moving  charge  are  Xe  in  the  direc- 
tion of  the  electric  foroe,  and  BUe  at  right  angles  to  the 
directions  of  X  and  H.  The  direction  of  motion  will  be 
along  the  resultant  of  the  two  forces,  so  that  HU/X  =  tan  6, 
and  when  $  is  small  U  is  the  velocity  under  the  force  X. 

Eor  a  certain  range  of  forces  and  pressures,  there  is 
a  transition  stage  in  which  the  average  mass  of  a  negative 
ion  diminishes  from  that  of  a  group  of  molecules  to  that 
of  an  electron.  Under  a  given  electric  foroe  the  electron 
moves  freely  along  some  of  its  free  paths,  and  the  velocity 
varies,  but  the  mean  velocity  U  as  deduced  from  the 
magnetic  deflection  is  not  then  the  same  as  the  mean 
velocity  as  obtained  by  a  direct  method.  The  experiments 
on  the  magnetic  deflection  show  that  in  these  cases  the 
deflection  is  not  proportional  to  II.  In  dry  air  the  negative 
ions  are  in  the  transition  stage  when  the  ratio  X/p  lies 
between  -01  and  -2. 

For  the  larger  values  of  X/p  the  electron  moves  freely 
along  all  the  paths  between  collisions.  The  phenomena 
then  becomes  more  simple,  and  the  velocity  given  by  the 

equation    ^  =  -s  tan  6  is  the  same  as  the  velocity  that 

would  be  obtained  by  a  direct  method.  A  characteristic 
feature  of  the  motion  of  electrons  is  the  increase  of  the 
velocity  of  agitation  with  the  value  of  X/p,  so  that  when 
the  pressure  is  constant  the  interval  between  collisions,  T, 
diminishes  as  the  force  increases  and  the  velocity  in  an 
electric  field  is  not  proportional  to  the  force.* 

lOS.  Deflection  of  a  stream  of  electrons  by  a  transverBe 
magnetic  foroe.  Values  of  the  velocity  in  terms  of  the 
ratio  X/p.  The  apparatus  used  for  measoring  the  deflection 
of  a  stream  of  ions  by  a  magnetic  force  is  shown  in  figure 
23.  A  beam  of  ultra-violet  light  entered  the  space  enclosed 
by  an  air'tight  cover  through  the  quartz  plate  IT  and  fell 
upon  a  metal  plate  A.     The  ions  that  were  set  free  moved 

*  A  more  complete  diEcowion  of  the  motion  tbat  takes  place,  as  X/p 
increaaec,  i*  given  in  lectiotii  182  and  183. 
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under  an  electric  force  towards  plate  B,  and  some  of  them 
passed  through  a  narrow  slit  in  the  centre  of  B. 

The  plates  were  charged  by  means  of  a  battery  of  cells 
to  negative  potentials,  the  potential  of  A  being  greater 
than  that  of  B,  so  that  the  electric  force  is  in  the  same 
direction  on  the  two  sides  of  the  aperture  in  B,  and  the 
ions  that  come  through  continue  their  motion  towards  the 
three  electrodes  C.  Six  metal  rings,  R,  were  arranged  at 
intervals  of  one  centimetre  from  R^to  B  and  were  connected 
in  series  by  five  equal  resistances,  the  upper  ring  being 
joined  to  the  plate  Band  the  lower  to  the  ring  ff^  by  similar 


Figure  23. 


resistances.  The  ring  i?^  was  connected  to  earth  through 
the  case  of  the  apparatus,  so  that  when  the  plate  B  was 
raised  to  a  potential  V,  by  means  of  a  battery,  the  potential 
at  any  point  of  the  electric  field  bounded  by  the  rings  was 
proportional  to  the  distance  of  the  point  i'rom  the  electrodes 
U,  The  ions,  therefore,  move  in  a  field  of  uniform  force 
after  passing  through  the  aperture  in  B.  The  electrodes  C 
were  parts  of  a  disc  seven  centimetres  in  diameter,  which 
was  divided  by  two  narrow  air-gaps  into  two  equal  segments 
Cj  and  (7j  and  a  narrow  central  segment  (7,.  The  gaps 
between  the  electrodes  were  parallel  to  the  slit  in  B. 
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The  stream  of  ions  that  comes  through  the  slit  in  B 
diffuses  laterally,  and  some  of  the  ions  are  received  on  the 
plates  Gj  and  C^.  When  no  magnetic  field  is  acting,  the 
centre  of  the  stream  falls  on  the  centre  of  G^  and  the  charges 
received  by  the  electrodes  0,  and  G^  are  equal.  In  very 
dry  gases  at  low  pressures  the  rate  of  difTusion  is  abnormally 
great,  so  that  the  proportion  of  the  total  charge  received  by 
G^  diminishes  as  the  pressure  is  reduced,  when  the  electric 
force  is  constant.  Thus  the  charges  n^,  71,,  and  %  received 
by  the  electrodes  were  in  the  proportion  of  1  : 4  : 1  when 
the  air  inside  the  apparatus  was  at  a  pressure  of  10  milli* 
metres,  and  in  the  proportion  1 :  1-8  :  1  when  the  pressure 
was  2-6  millimetres. 

When  the  magnetic  force  H  is  applied  in  a  direction 
parallel  to  the  slit  in  the  metal  plate  B,  the  stream  of  ions 
is  deflected  so  that  the  centre  is  displaced  from  the  centre 
of  the  electrode  C^,  and  for  a  certain  value  of  the  magnetic 
force  the  centre  of  the  stream  is  deflected  to  the  centre 
of  the  slit  between  the  electrodes  G^  and  C^.  In  that  case 
the  charge  71^  received  by  the  electrode  (7,  is  equal  to  the 
charge  %  +  715  received  by  the  two  electrodes  C^  and  Cg. 

Experiments  were  made  at  different  pressures  with  a 
constant  electric  force  of  one  volt  per  centimetre  in  the  field 
between  the  plate  B  and  the  electrodes  G.  The  electrodes 
(7g  and  G^  were  joined  and  the  charge,  Tt^  +  n^,  which  they 
received  was  compared  with  the  charge  tij  received  by  the 
electrode  Cj  when  various  magnetic  forces  were  acting. 
The  results  are  represented  by  the  curves,  figure  24.* 
It  will  be  seen  that  at  the  higher  pressures  the  ratio 
("i  +  ^^a)/**!  *t  first  diminishes  as  the  force  H  increases,  and 
attains  a  minimum  value.  At  the  lower  pressures  the 
deflection  increases  continuously  with  the  force  B,  and  the 
ratio  (n^  +  ii^yn^  diminishes  until  the  charge  received  by 
the  plates  C,  and  C^  becomes  very  small 

When  the  charge  n,  is  equal  to  ii^  +  n^  the  centre  of  the 
stream  is  deflected  through  a  distance  a/2,  where  a  is  the 

*  See  paper  b}  tbe  author  am)  H.  T.  Tizard,  Pron.  Boj.  Soc.  A,  87, 
p.  357,  1912. 

D,a,l,z<,d=vG00gIe 


124 


THE  VELOCITY  OF  IONS 


width  of  the  electrode  C^,  and  the  velocity  ot  the  ions 
is  given  by  the  equation 

H^U _  a 

IT  ~  2l' 
I  being  the  distance  from  B  to  C,  which  is  large  compared 
with  a,  and  Hi  the  force  for  which  the  charge  n^  +  71,  becomes 
equal  to  n,. 
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Figure  24. 

In  a  series  of  determinations  *  of  velocities  that  were 
made  on  this  principle,  with  dry  air  at  pressures  between 
•25  millimetre  and  18-6  millimetres,  and  electric  forces 
from  2  volts  per  centimetre  to  50  volts  per  centimetre,  it 
was  found  that  the  velocity  was  a  function  of  the  ratio 
X/p  only. 

The  velocities  obtained  are  as  follows  : 


X/p        0^2    0-li       1         2        5 
[7xlO~»      -5     -9     1-25    1-75    3-0 


10       20 


50    100     150 
17-3    27      35 


The  table  shows  that  when  the  pressure  p  is  constant, 
the  velocity  does  not  increase  in  proportion  to  the  force  X. 

*  J.  S.  Townsend  and  H.  T.  Tiiard,  Proc.  Roy.  Soc.  68,  p.  336,  1913. 
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106.  EfiEbot  of  temperatore  on  the  Telocity  of  ions  in  air, 
At  atmospherio  presffiirs.  The  velocities  of  iona  in  air  at 
nigh  and  low  temperatares  have  been  determined  by 
PhillipB,*  who  used  Langevin's  method.  The  results  of 
the  experiments  are  given  in  the  following  table : 

Absolute  I.  . 

tenipenitnrc.  *'  *• 


The  exact  pressure  of  the  air  was  not  recorded,  but 
presumably  it  was  constant  and  approximately  760  mm. 

It  is  remarkable  that  the  velocity  is  practically  directly 
proportional  to  the  temperature,  except  at  the  lowest 
temperature. 

The  dzpression  for  the  velocity  U  =  XeT/m  showa  that 
V  is  proportional  to  the  interval  between  collisions  T. 
When  the  temperature  is  raised  from  209  to  411  degrees 
the  free  paths  are  increased  in  the  ratio  2:1,^  being 
constant,  and  since  the  velocity  of  agitation  of  the  molecules 
and  the  ions  are  both  increased  in  the  proportion  -/iil, 
the  value  of  T  is  increased  by  the  factor  1-41  : 1  if  the  mass 
m  is  constant  The  results  show  that  the  velocities  are 
increased  in  the  ratio  2:1  in  this  case,  which  indicates 
a  diminution  in  the  value  of  ni  as  the  temperature  increases. 

107.  Telod^  of  ions  in  point  disoharges.  The  mobility 
of  ions  in  a  point  discharge  through  air  has  been  in- 
vestigated on  a  different  principle  by  Chattock.t  The  method 
consists  in  finding  the  change  of  pressure  at  different  points 
in  the  gas,  arising  from  the  motion  of  the  charge  that  is 

•  P.  Phillips,  Proc.  Roy.  Soc.  78,  p.  167,  1907. 
t  A.  P.  Gbattock,  Phil.  Mag.  (5>  48,  p.  401,  1899. 
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repelled  by  the  electric  force  from  the  point  The  simplest 
form  of  apparatus  for  measuring  the  variation  of  pressure 
is  illustrated  in  figure  26.  The  gas  is  contained  in  a  glass 
tube  E,  and  the  current  flows  from  the  point  A  to  the  ring 
B.  The  wire  that  terminates  in  the  point  A  is  surrounded 
by  a  capillary  tube  coaxial  with  the  tube  E,  and  the  ring 
is  supported  by  a  glass  tube  Q,  electrical  connection  being 
made  with  the  ring  by  means  of  a  wire  passing  through 
the  tube.  The  distance  between  the  point  and  the  ring 
may  be  adjusted  to  any  required  length  by  means  of  a 
micrometer  screw  which  moves  the  tube  G  in  a  direction 
parallel  to  the  axis  of  the  outer  tube. 


=^ 


Figaro  25. 

The  difference  of  pressure  produced  by  the  current  is 
measured  by  a  manometer  connected  to  the  side  tubes 
Ti  and  T^ 

Let  C  be  the  current  flowing  from  the  point,  S  the 
sectional  area  of  the  tube  E,  p  the  density  of  electrifioatiou 
at  any  point,  and  a>  the  velocity  of  the  ions  parallel  to  the 
axis  of  the  tube,  then 

the  integration  being  taken  over  the  whole  area  S,  Assum- 
ing that  the  velocity  of  the  ions  is  proportional  to  the  electric 
force  Z,  then 

k  being  the  velocity  corresponding  to  unit  force. 
If  z  and  z  +  dz  he  the  distances  of  two  sections  of  the 
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tabe  from  the  plane  of  the  ring,  the  force  acting  on  the 
charge  between  the  two  sections  is 

dz{\pZUS=  ^dz, 

and  since  C  is  constant  along  the  tube,  the  force  acting  on 
the  gas  between  two  planes  at  a  distance  apart  a,  dae  to 
the  presence  of  the  charge,  is  Ca/k. 

As  this  formula  only  applies  to  that  part  of  the  field  con- 
taining ions  of  one  sign  moving  with  a  velocity  proportional 
to  the  electric  force,  it  cannot  be  applied  to  the  gas  in  the 
neighbourhood  of  the  point.  For  just  near  the  point  there 
are  both  positive  and  negative  ions  in  the  gas,  and  when 
the  point  is  negatively  charged  the  negative  ions  that  are 
repelled  move  in  the  strong  field  of  force  that  extends  to 
some  distance  from  the  point  with  velocities  that  exceed 
the  value  kZ. 

When  the  ring  and  the  point  are  sufficiently  far  apart, 
these  effects  take  place  within  a  fixed  distance  b  ftvm  the 
point.  The  difference  of  pressure  P  between  the  gaa  in  the 
tubes  T,  and  T,  may  therefore  be  divided  into  two  parts, 
one  being  a  constant  P"  arising  from  the  current  in  the 
immediate  neighbonrhood  of  the  point,  and  the  other  pro- 
portional to  the  distance  a,  a  +  b  being  the  distance  from 
the  ring  to  the  point.    Hence 

When  the  current  is  constant,  and  the  distance  between 
the  ring  and  the  point  is  increased  from  Oj  +  &  to  a,  +  i,  the 
difference  of  pressure  in  the  tubes  Tj  and  T,  increases  from 
P,  to  Pj,  where 


P^-Pi  = 


This  equation  was  verified  by  the  experiments,  which 
showed  that  for  a  given  current  the  difference  of  pressure, 
as  indicated  by  the  manometer,  increased  in  proportion  to 
the  increase  of  distance  between  the  point  and  the  ring. 
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The  velocities  corresponding  to  a  volt  per  centimetre 
appear  to  depend  on  the  arrangement  of  the  apparatns, 
such  as  the  relative  size  of  the  disc  and  the  tube.  The 
values  deduced  from  the  earlier  experiments  are  1-14  and 
1-41  centimetres  per  second  for  the  positive  and  negative 
ions  respectively.  Subsequently,  with  another  apparatus 
which  was  considered  to  be  more  satisfactory,  the  numbers 
1-38  and  1-80  were  found  for  the  positive  and  negative  ions. 
Experiments  were  also  made  to  measure  the  pressure  at 
different  points  of  the  surface  of  a  plate  when  the  current 
from  a  point  discharge  is  received  by  the  -plate.  The  results 
are  interesting,  as  they  show  how  the  pressure  is  distributed 
over  the  plate  when  the  point  is  situated  at  various  distances 
from  it.  It  is  also  possible  to  deduce  the  values  of  the 
velocities  from  measurements  of  the  total  pressures  of  the 
air  on  the  plate,  but  the  method  was  not  considered  to  be  as 
satisfactory  as  that  subsequently  used,  in  which  the  current 
took  place  between  a  point  and  a  ring  inside  a  glass  tube. 

106.  Comparison  of  results  obtained  under  various  oon- 
ditions.  It  is  to  be  remarked  in  connection  with  these 
determinations  that  the  electric  force  acting  on  the  ions  is 
much  larger  than  that  used  in  the  more  direct  methods  of 
determining  the  mobilities.  Neglecting  the  strong  field  in 
the  neighbourhood  of  the  point,  the  force  acting  on  the  ions 
in  the  more  uniform  part  of  the  field  was  of  the  order  of 
3,000  volts  per  centimetre,  and  the  calculations  of  the 
velocities  which  have  been  made  involve  the  assumption 
that  at  atmospheric  pressure  the  velocity  of  the  ions  is 
directly  proportional  to  the  force,  over  a  range  of  forces  up 
to  that  order  of  magnitude.  The  value  of  X/p  (p  being 
measured  in  millimetres)  is  therefore  as  great  as  4,  which  is 
large  compared  with  -05,  the  value  X/p  at  which  the 
negative  ions  in  dry  air  at  low  pressures  were  found  to 
acquire  velocities  much  greater  than  k^X/p. 

The  difference  may  be  due  to  the  fact  that,  with  point 
discharges,  gases  such  as  oxides  of  nitrogen  are  formed 
which  would  tend  to  condense  on  the  ions,  and  if  any  water 
vapour  were  present  a  further  increase  of  the  mass  of  the  ion 
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would  take  place.  This  hypothesis  is  supported  by  the 
determinations  of  the  rates  of  difiiision,  as  it  has  been  found 
that  positive  and  negative  ions  formed  by  point  discharges 
in  air  have  smaller  rates  of  diffnsion  than  the  iona  generated 
by  Rdntgen  rays. 

109.  TelDoity  of  ions  associated  with  large  masBeB.  The 
ions  generated  by  the  methods  that  liave  been  described  are 
more  mobile  than  those  generated  by  other  methods.  The 
ions  have  the  same  atomic  charges  in  all  cases,  so  that  the 
small  velocity  with  which  they  move  under  certain  condi- 
tions must  be  attributed  to  an  increase  of  the  mass  associated 
with  the  ion.  This,  as  has  already  been  explained,  may  be 
brought  about  by  the  condensation  of  a  gas  or  vapour  on  the 
ion.  In  most  cases  ions  of  large  mass  are  produced  while 
chemical  actions  are  taking  place,  and  gases  are  formed 
which  condense  more  readily  than  the  constituents  of  the 
air.  It  would  appear  that  very  small  quantities  of  such 
impurities  are  sufiicient  to  produce  lai^e  effects,  since  in  the 
case  of  the  conductivity  of  air  in  the  neighbourhood  of  an 
incandescent  wire  the  velocities  of  the  ions  are  of  the  order 
of  one  hundredth  of  the  velocities  of  the  ions  generated  by 
Kdntgen  rays.  The  mass  associated  with  the  charge  is 
further  increased  when  water  vapour  is  present,  and  in  some 
cases  the  particles  form  a  visible  cloud  even  when  the  gas 
is  not  completely  saturated. 

As  might  be  ex|)ected,  the  mobility  of  the  ions  varies 
considerably  in  all  these  cases,  and  it  is  difiBcult  to  specify 
the  exact  conditions  under  which  a  particular  velocity  is 
acquired.  It  is  not  necessary,  therefore,  to  measure  the 
velocity  to  a  high  degree  of  accuracy,  and  the  chief  interest 
is  in  finding  the  effects  produced  by  varying  the  conditions 
under  which  the  experiments  are  made. 

110.  CondnotiTity  of  flame  gases.  A  good  example  illus- 
trating some  of  the  properties  of  these  ions  is  to  be  found  in 
the  experiments  made  by  McClelland*  to  determine  the 
velocity  of  the  ions  in  the  heated  air  above  a  gas  flame.     A 

*  J.  A.  McClelland,  Phil.  Hog.  (6)  46,  p.  20,  1898. 
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form  of  apparatus  which  was  used  for  some  of  these  experi- 
menta  is  illustrated  in  figure  26.  The  air  passes  up  a 
tube  T  provided  with  cylindrical  electrodes  A,  B,  and  C  at 
different  distances  from  the  flame.  The  electrodes  are 
coaxial  with  the  tube  and  are  supported  by  rods  projecting 
through  ebonite  plugs  fixed  in  the  tube.  The  upper  end  of 
the  tube  was  connected  to  a  water-pump  and  an  arrangement 
was  made  for  measuring  the  volume  drawn 
through  the  apparatus  per  second.  The 
mean  temperature  of  the  stream  as  it  passed 
each  electrode  was  obtained  by  removing 
the  electrodes  and  inserting  thermometers 
through  the  apertures  that  were  made  in  the 
tube  to  hold  the  ebonite  plugs  for  insulat- 
ing the  electrodes.  It  was  thus  possible  to 
obtain  the  temperature  of  the  air  and  to 
calculate  the  velocity  of  the  stream  at  various 
n  points  of  the  tube. 

np  The  conductivity  of  the  gas  at  different 

distances  from  the  flame  was  found  by  con- 
necting one  of  the  electrodes  to  a  pair  of 
quadrants  of  an  electrometer,  both  pairs 
being  raised  to  a  potential  V  by  connecting 
them  to  a  battery  of  accumulators.  The 
tube  T  and  the  other  two  electrodes  were 
connected  to  earth.  A  current  flows  between 
the  tube  and  the  electrode  at  high  potential 
when  a  Bunsen  flame  is  placed  in  the  in- 
verted funnel  at  the  lower  end  of  the  tube 
and  a  stream  of  air  is  drawn  up  the  tube.  The  conductivity 
is  measured  by  the  electrometer  deflection  obtained  in  a 
given  time  on  insulating  the  quadrants  connected  to  the 
electrode. 

For  small  forces,  the  current  increases  rapidly  with  the 
force,  but  with  large  forces  a  point  is  reached  for  a  certain 
value  of  the  potential  V  when  the  increases  of  the  current 
corresponding  to  further  increases  of  the  potential  are 
comparatively  small. 


/ 


\ 


Figure  26. 
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It  is  easy  to  explain  the  effects  thus  obtained  by  con- 
sidering the  processes  that  contribute  to  the  removal  of  the 
ions  from  the  gas.  The  ions  carried  l^  the  stream  into  the 
field  of  force  disappear  Ax)m  the  air,  partly  by  recombina- 
tion and  partly  by  coming  into  contact  with  the  electrode. 
The  rest  pass  by  the  electrode  and  may  be  detected  in  the 
gas  higher  up  the  tube.  As  the  potential  difference  between 
the  tabe  and  an  electrode,  B  for  example,  is  increased  the 
conductlTity  in  the  upper  parts  of  the  tube  diminishes,  and 
when  the  potential  V  is  reached  the  gas  above  the  electrode 
does  not  conduct.  This  may  be  shown  by  connecting  the 
electrode  C  to  the  quadrants  of  the  electrometer,  and  joining 
the  electrode  B  to  the  battery  of  accumulators,  so  that  the 
potential  difference  V  is  maintained  between  B  and  the 
outer  tube  while  the  conductivity  at  C  is  being  measured. 
Under  the  circumstances  it  was  found  that  the  current 
between  the  tube  and  the  electrode  C  attains  a  maximum 
value  and  then  diminishes  as  the  potential  V  is  increased, 
and  becomes  zero  when  the  value  V  is  attained. 

For  potentials  greater  than  V  the  current  between  the 
tube  aud  the  electrode  B  continues  to  increase  with  the 
potential,  although  the  rate  of  increase  is  small.  This  arises 
from  the  &ct  that  a  smaller  number  of  ions  recombine  as 
the  force  increases,  and  it  is  practically  impossible  in  this 
case  to  obtain  a  saturation  current,  since  any  increase  in 
the  potential  of  one  electrode  must  necessarily  bring 
additional  ions  to  that  electrode  from  points  lower  down 
in  the  tube. 

The  velocity  of  the  ions  under  unit  force  may  be  deter- 
mined from  the  potential  V.  Let  r,  be  the  radius  of  the 
tube  T,  f-,  the  radius  and  a  the  length  of  the  electrode.  All 
the  ions  will  be  removed  from  the  gas  when  they  traverse 
the  distance  r^  —  r,  under  the  electric  force  while  they  are 
\  carried  a  distance  a  by  the  stream.  If  k  he  the  velocity  of 
the  iona  under  unit  electric  force,  then,  as  has  been  shown 
in  section  90, 
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Q    being    the  volnme  of  gas  pasaing  the  electrode  per 
second. 

111.  Velocity  of  ions  in  gases  rising  ftom  a  flame.  The 
following  table  of  the  values  of  the  velocity  k  of  the  iona 
under  a  volt  per  centimetre  is  given  by  McClellaud.  They 
are  deduced  from  measurements  of  the  currents  to  the  three 
electrodes  at  different  distances  from  the  flame.  The 
temperature  of  the  gas  is  given  in  the  second  column  of 
figures.  The  recombination  produces  a  large  effect,  as  is 
shown  by  the  diminution  in  the  conductivity  as  the  gas 
rises  in  the  tube.  This  may  be  seen  by  the  numbers  given 
in  the  third  colomn,  which  are  proportional  to  the  carrenta 
between  the  tabe  and  the  electrodes  corresponding  to  the 
potentials  V,  and  represent  approximately  the  numbers  of 
ions  in  the  gas  when  it  reaches  the  electrodes. 

Velocitjof  ioM  n;  um 

under  a  force  of  Temperar        Condnc-         f  "jrful 

one  volt  per  tore  of  air.        tuity.  a^ 

centimetre.  ^* 

At  Electrode  A    -23  cm.  per  kc        2S0°  C.  26  S-S  cm. 

B    -21    „        „  160° C.  8  100   „ 

C    -04    „        „  105°C.  1  14-5    „ 

There  is  thus  a  large  fall  in  the  value  of  the  velocity  of 
the  ions  when  the  temperature  changes  from  160°  C.  to 
105°  C,  indicating  on  increase  in  the  mass  associated  with 
the  charge. 

The  gas  used  in  the  above  experiments  was  the  ordinary 
gas  supply  containing  a  large  proportion  of  hydrogen,  so 
that  a  corresponding  amount  of  water  vapour  is  formed 
when  it  is  burnt  in  the  air.  The  rapid  growth  of  the  size 
of  the  ions  is  not,  however,  due  altogether  to  the  water 
vapour  that  is  included  among  the  pitiducts  of  combustion. 
Similar  experiments  were  made  with  a  flame  of  carbon 
monoxide  burning  in  air,  and  it  was  also  found  in  this  case  ' 
that  the  ions  increased  in  size  aa  the  air  above  the  flame  ' 
cooled,  the  only  water  vapour  that  was  present  being  that  i 
contained  in  the  air  of  the  room.  I 
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112.  Ions  in  the  air  ■urronnding  a  glowing  wire.  Similar 
experiments  were  made  *  to  determine  the  velocities  of  ions 
that  give  rise  to  the  conductivity  of  the  air  in  the 
neighbourhood  of  a  glowing  wire,  and  of  an  arc  discharge. 

In  these  cases  large  volames  of  air  were  used,  and  the 
velocities  were  determined  at  a  distance  from  the  source  of 
ionization,  so  that  the  temperature  of  the  air  aa  it  passed 
the  electrodes  was  practically  the  same  as  that  of  the  room. 

The  velocities  were  found  to  vary  over  large  ranges, 
depending  on  the  temperature  of  the  glowing  wire  and  on 
the  corrent  passing  through  the  arc. 

In  the  case  of  a  platinum  wire,  the  velocity  of  the  ions 
under  a  volt  per  centimetre  fell  from  -01  centimetre  per 
second  to  -003  centimetre  per  second  when  the  temperature 
of  the  wire  was  increased. 

A  similar  effect  was  obtained  with  the  arc.  The  velocity 
of  the  ions  was  foand  to  be  -33  centimetres  per  second  when 
a  small  current  was  passing  through  the  arc,  and  on  in- 
creasing the  current  the  velocity  fell  to  -015  centimetre 
per  second. 

In  all  these  experiments,  including  those  with  flames,  the 
velocity  of  the  negative  ions  was  greater  by  about  20  per 
cent  than  that  of  the  positive  ions, 

119.  Ions  produced  by  ohemical  action  in  goaes.  In  some 
cases  when  slowly  moving  ions  are  produced  by  ohemical 
actions  there  is  a  large  excess  of  ions  of  one  sign  in  the  gas, 
and  it  is  possible  nnder  these  conditions  to  estimate  the 
mobility  by  a  very  simple  method.  When  there  is  no 
applied  electric  force  arising  from  charges  on  electrodes  the 
gas  loses  its  charge  to  the  sides  of  the  vessel  in  which  it 
is  contained  in  two  ways.  Owing  to  the  charge  in  the  gas 
there  is  an  electric  force  that  repels  the  ions  towards  the 
boundfuy  of  the  vessel  in  which  they  are  contained,  and  in 
addition  the  ions  come  into  contact  with  the  sides  of  the 
vessel  by  the  ordinary  process  of  difinsion.  The  rate  at 
which  ions  are  dischaiged,  on  account  of  their  mutual 

*  3.  A.  HcOlelland,  Proc.  Camb.  Phil.  Soc.  10,  p.  241,  Dec.  1899. 
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repulsion  towards  the  aides,  depends  only  on  the  charge 
per  cubic  centimetre,  while  the  rate  at  which  the  ions  ars 
discharged  by  the  process  of  diffusion  depends  on  the 
dimensions*  of  the  vessel.  It  is  possible,  therefore,  to 
arrange  an  experiment  in  which  the  former  process  largely 
predominates,  and  to  deduce  a  value  of  the  mobility  of 
the  ions  from  observations  of  the  rate  at  which  a  gas  loses 
its  charge  when  it  is  contained  in  a  closed  vessel. 

Let  u,  V,  w  be  the  velocities  of  the  ions  along  the  axes 
of  co-ordinates,  and  ^  the  potential  of  the  electric  ibrce. 
Keglecting  the  diffusion,  the  velocities  are  given  by  the 
equations  dA  ,  dA  ,  dA 

ax  ay  dz 

On  substituting  these  values  of  u,  v,  and  w  in  the  equa- 
tion of  continuity, 

1  So      du     dv  .  dw 
p  ht      dx      dy      az 
the  relation  between  p  and  <p  is  obtained,  namely, 

p  being  the  density  of  the  charge  at  a  point  moving  with 
the  ions. 
Since  y'^  =  —iirp,  the  equation  f  for  p  becomes 

p^  at 
which  on  integration  gives 

l-i  =  4,H,   , 

9       Po 
fig  being  the  initial  density,  and  p  the  density  after  a  time  t. 


arising  fiom  external  ctiarges,  then  V*^  is  aero,  lo  that  ^  -•  0  at  everj 

point  moving  with  the  ions.  Hence  if  a  number  of  ions  are  distributed 
initially  throughout  a  volume  V^  and  move  through  the  gaa  nnder  the 
action  of  forces  arising  from  charges,  on  electrodes  of  any  shape,  the 
motion  will  be  such  that  at  an;  subsequent  time  all  the  iona  will  be  con- 
tained in  a  volume  equal  to  K,. 
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114.  Ions  of  large  maas  in  newl^-prepared  gaoes.  Measure- 
ments of  the  density  of  electrification  of  a  gas  may  be 
made  by  sending  a  stream  of  the  gas  through  a  metal 
cylinder,  so  as  to  fill  it  with  a  gas  having  a  uniform  electrifi- 
cation. Tlie  gas  is  then  allowed  to  stand  in  the  cylinder 
for  a  giveit  time  t,,  when  it  is  displaced  by  a  current  of  air. 
If  />j  be  the  chai^  per  cc.  at  the  time  f,  and  V  the  volume 
of  the  cylinder,  the  charge  pi  V  is  carried  oat  of  the  cylinder 
with  the  gas.  The  cylinder  being  insulated  and  connected 
to  an  electrometer  the  deflection  obtained  will  be  the  same 
as  if  a  charge  —p^V  were  given  to  the  insulated  system. 
The  density  of  p^  may  thus  be  found.  Repeating  the  experi- 
ment and  leaving  the  gas  in  the  cylinder  for  a  longer  time 
t^,  a  smaller  electrometer  deflection  proportional  to  —p^Vis 
obtained  on  displacing  the  charged  gas.  The  mobility  k 
is  then  given  by  the  formula 

k  =  Pl^fl  .       ^      . 

The  mobilities  of  the  ions  in  oxygen  or  hydrogen  given 
off  by  the  electrolysis  of  sulphuric  acid  may  be  obtained  by 
this  method,  as  the  gases  are  giyen  off  with  a  constant 
density  of  electrification.* 

In  these  cases  the  size  of  the  particle  associated  with  the 
charge  depends  to  a  great  extent  on  the  amount  of  water 
vapour  that  is  present.  When  the  oxygen  was  partially 
dried  by  bubbling  it  once  through  sulphuric  acid  the  velocity 
of  the  ions  (under  a  force  of  one  volt  per  centimetre),  as 
determined  by  the  above  method,  was  2  x  10~*  centimetre 
per  second.  The  mobility  could  doubtless  be  increased  by 
more  complete  drying. 

lis.  Ions  produced  dnring  the  oxidation  of  phosphoraa. 
There  are  several  other  oases  in  which  slowly  moving  ions 
are  found  in  gases :  in  fact  it  is  generally  possible  to  detect 
some  charged  particles  in  newly  prepared  gases  or  in  gases 
in   which   chemical   actions   are   taking  place.     The  very 

■  Phil.  M&g.  (5)  46,  p.  135,  1898. 
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high  condactivity  obtained  by  the  oxidation  of  phosphorus 
in  air  is  an  interesting  example  of  these  phenomena. 

The  properties  of  the  ions  obtained  by  this  method  have 
been  fully  investigated  by  Bloch.  In  this  case  positive  and 
negative  ions  appear  in  equal  numbers  in  the  air,  and  their 
mobility  was  determined  by  a  method  similar  to  that  used 
by  McClelland.  Under  a  force  of  one  volt  per  centimetre 
the  velocity  of  the  ions  in  dry  air  was  found  to  be  between 
•001  and  -0003  centimetre  per  second.*  As  in  the  case 
of  newly  prepared  gases,  a  cloud  is  formed  when  the  air 
is  babbled  through  water,  and  wheu  dried  the  cloud  almost 
entirely  disappears,  but  the  small  particles  which  are  left 
give  rise  to  a  hazy  appearance  when  the  gas  is  in  a  strong 
light. 

'  Tfaeie  inveBtigatioDi  and  others  of  fl  similar  kind  are  described  in 
the  Memoir  b;  R.  Bloch,  Ann.  de  Chim.  et  de  Vbjs.  4,  pp.  25-144, 1905. 
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CHAPTER  V 

DIFFUSION  OF  IONS 

lie.  DiffoBion  towards  the  sides  of  a  Tessel.  The  ions, 
being  small  particlea  moying  with  high  velocities  along 
their  free  paths,  tend,  like  the  molecules  of  a  gas,  to 
distribute  themselves  uniformly  throughout  any  space  in 
which  they  are  generated.  When  they  come  into  contact 
with  the  sides  of  the  vessel  in  which  they  are  contained 
they  lose  their  charge,  and  no  charged  particles  return  from 
the  surface  into  the  gas.  The  density  p  of  ionization  at  the 
sur&ce  rapidly  diminishes,  and  the  mean  velocity  towards 
the  surface  becomes  of  an  order  equal  to  the  velocity  of 
agitation.  The  rate  at  which  ions  are  removed  from  the 
gas  is  then  p  V  per  unit  area  of  the  surface,  where  V  is 
a  laige  velocity  of  the  order  10*  centimetres  per  second. 
The  value  of  p  at  the  surface  most  therefore  be  very  small, 
otherwise  the  ions  would  disappear  almost  instantfuieoasly 
from  a  gas  contained  in  a  vessel  of  ordinary  dimensions. 
The  number  of  ions,  and  the  partial  pressure  of  the  ions, 
at  the  sur&ce  may  therefore  be  taken  as  zero. 

The  principle  on  which  the  coefficient  of  difFosion  of  ions 
into  a  gas  has  been  determined  may  be  illustrated  by 
a  simple  example  of  a  similar  process,  which  depends  on 
the  rate  of  interdiffosion  of  gases.  The  ordinary  method 
of  removing  impurities  from  gases — for  instance,  the  method 
of  drying  gases  by  bubbling  them  through  sulphuric  acid — 
is  exactly  analogous. 

If  the  water  vapour  did  not  diffose  through  the  gas,  only 
a  very  small  proportion  of  it  would  be  removed,  as  very 
few  of  the  molecules  would  come  into  contact  with  the 
acid.  In  practice  it  is  found  that  a  large  percentage  of 
the  moisture  is  removed,  particularly  in  the  case  of  hydrogen, 
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through  which  the  moisture  diffuses  more  rapidly  than 
through  other  gasea.  This  is  due  to  the  motion  of  agitation 
of  the  molecules  of  the  vapour  iu  virtue  of  which  a  large 
number  come  into  contact  with  the  boundary,  the  effect 
being  increased  when  the  free  paths  of  the  molecules  are 
long,  as  happens  with  hydrogen  or  with  gases  at  reduced 
pressure.* 

A  conducting  gas  would  be  affected  in  a  similar  manner : 
the  ions  would  diffuse  and  become  discharged  at  the 
surface. 

117.  Conductivity  of  a  gaa  after  passing  through  small  tubes. 
In  order  to  determine  the  coefficient  of  diffusion  of  ions  it 
is  necessary  to  arrange  the  experiments  so  that  the  number 
that  are  lost  by  recombination  is  small  compared  with  the 
number  that  oome  into  contact  with  the  boundary.  The 
method  that  has  been  adopted  is  to  pass  a  conducting  gas 
through  fine  metal  tubes  with  a  constant  velocity,  and  to 
find  experimentally  the  relative  conductivities  of  the  gas 
after  passing  through  tubes  of  different  lengths.  The 
coefficient  of  diffiision  may  be  deduced  from  the  observed 
diminution  in  conductivity  when  the  velocity  of  the  gas 
and  the  dimensions  of  the  tubes  are  known.-)- 

Let  a  be  the  radius  of  the  tube,  IT  the  velocity  of  the' 

gas  at  any  point  at  a  distance  r  from  the  axis  of  the  tube. 

The  velocity  W  is  given  in  terms  of  r  by  the  equation 

2  V 
W  =  — 5-((x*— r^),  V  being  the  mean  velocity  of  the  gas  as 

measured  by  the  volume  Q  that  passes  through  in  a  time  t, 
namely  Q  =  -na'  Vt. 

The  differential  equations  giving  the  velocities  u,  v,  w,  of 
the  ions  along  the  axes  in  terms  of  their  partial  pressure  p, 
and  coefficient  of  diffusion  K,  become  in  this  case 

the  axis  of  z  being  taken  along  the  axis  of  the  tube. 

•  Phil.  Mag.  (5)  45,  p.  471, 1898. 
+  Phil.  TmiM.  A,  188,  p.  129, 1899. 
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The  gas  may  be  supposed  to  be  uniformly  ionized  before 
entering  the  tubing,  and  when  the  steady  state  is  reached 
the  equation  of  continuity  becomes 

^(P») +  !;(?») +  5(P")  =  »- 

In  ell  the  experiments  the  velocity  W  of  the  gas  along  the 

tnbe  was  large  compared  with  the  quantity  —  ■  ~  ,  so  this 

term  may  be  neglected  and  the  velocity  w  of  the  ions 
along  the  axis  of  the  tube  may  be  taken  as  being  equal 
to  IF. 

Substituting  the  values  of  the  velocities  iu  the  equation 
of  continuity,  the  differential  equation  for  the  partial  pressure 
p  of  the  ions  at  any  point  is  obtained, 

This  equation  may  be  reduced  to  one  in  two  independent 
variables  r  and  z  by  substituting  for  the  first  two  terms 
their  equivalent  in  terms  of  the  cylindrical  co^>rdinate  r. 
The  equation  for  p  thus  becomes 

K  d  ,    dp.      2V,  .      ,.dp      „  ,,, 

It  is  necessary  to  find  a  solution  of  this  equation  satis- 
fying the  following  conditions : 

1.  On  entering  the  tube  the  gas  is  uniformly  ionized. 
Thus  if  the  origin  of  co-ordinates  is  taken  on  the  axis  of  the 
tube  at  the  end  at  which  the  gas  enters,  the  pf^ial  pressure 
p=Pa,&  constant,  for  all  values  of  r  when  z=  0. 

2.  Since  the  ions  are  discharged  when  they  come  into 
contact  with  the  surface  of  the  tube,  p  is  zero  for  all  valaes 
of  z  when  r  =  a. 

The  quantity  p  may  be  expressed  as  a  series  of  terms  of 

»a*JC 

the  form  0  c  ^^  where  ^  is  a  function  of  r,  and  6  a  con- 
stant, the  values  of  which  depend  on  the  surface  conditions. 


140  DIFFUSION  OF  IONS 

Substituting  this  expression  for  p  in  eqoation  (1),  the 
equation  for  ^  becomes 

^^lit-'^"-"'^*-"  •  ■  ■  ■  « 

The  solution  of  this  equation  is  ^  =  AM-\-  BN,  M  and  JV 
being  the  two  independent  solutions  one  of  which,  N", 
becomes  infinite  when  r  =  0.  The  multiplier  B  must  there- 
fore be  zero,  since  jt  is  finite  along  the  a^s  of  the  tube. 

The  solution  i/  is  a  series  of  powers  of  r, 
M=l  +  B^r^  +  Bj7*+..., 
the  coefficients  B^,  B^,  ...  being  determined  so  as  to  satisfy 
eqtiation  (2). 

The  first  few  terms  in  the  expansion  are 

M=.-'^li,M^.^y. (3, 

The  value  of  p  thus  becomes 

p  =  Ci3fie     2r  '  +  cjjfj(     2r'+ (4) 

The  boundary  condition  ^  =  0  when  r  =  a  requires  that 

such  values  of  d  be  chosen  as  will  reduce  the  series  M, 

equation  (3),  to  zero  when  r=  a. 

Hence  $1,62,  ■■•  are  the  roots  of  the  equation 

i-^+AK+'-y) +  ...=  »■     .■■(=) 

It  is  easy  to  see  that  the  roots  of  this  equation  are  all 
positive,  so  that  the  terms  in  p  involving  the  lai^r  roots 
become  so  small  in  comparison  with  the  others  that  they 
may  be  neglected. 

The  two  smallest  roots  are 

tf,  =  7-313/a*  ;   and  fl,  =  44-6/a*. 

The  coefficients  c,,  c^,  ...  in  equation  (4)  remain  to  be 
determined.  These  may  be  found  by  the  same  principles 
that  are  used  to  fiud  the  coefficients  in  a  series  of  Bessel's 
functions  which  has  a  known  value  for  a  certain  range  of 
the  variable. 
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Since  M  satisfies  equation  (2)  it  is  easy  to  obtain  the 
following  relations  by  Green's  theorem, 

for  transformation  from  volnme  integrals  to  sorface  int«- 
grala,  U  and  V"  being  any  fnnctions  of  the  co-ordinates. 

rV,.if„'(a'— ra)r(fo-  =  0, (6) 

J^Jlf„»K-r«)rdr  =  fl[^.-^J        ...     (7) 

JX(a-r')r<^r=-^^[^^"J-".     ...    (8) 

Thus  equation  (6)  is  obtained  by  substituting  M„  and  jf„' 
for  IT  and  V  in  Green's  equation,  and  integrating  throughout 
the  volume  of  a  cylinder  of  radius  a.  The  sur&ce  integral 
vanishes,  since  M„  and  M„'  are  zero  when  r  =  a, 

and  y«if„  =  ^  +  i^"  =  fl„(r»_a^)Jlf„. 

Hence    M„v*l^n'-K'V^K=  i^n—^n)  ifnK-{'>^-a% 
and  the  volume  integral  reduces  to 


2  w  {$„.-  9^\'m„M„.  (r>-a«)  rdr. 


so  that  the  integral  must  vanish,  since  0„,  aud  $„  are  not 
the  same. 
Equation  (7)  is  obtained  by  substituting  in  Green's  equation 
dM„ 

and  equation  (8)  by  substituting 

U~l  and  r=M„. 
The  condition  p  =  Pf,  when  a  =  0  is  satisfied  if  the  co- 
efScients  c  are  determined  to  satisfy  the  equation 

y„  =  Cjifl  +  CsJlfj+..., 

for  values  of  r  between  r  =  0  and  r  =  a. 
Multiplying   this  equation  by  M„{a'—r^)rdr,  and  in- 
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tegiating  from  r  =  0  to  r  =  a,  tho  integrals  obtained  are 
given  by  the  equations  (6),  (7),  and  (8),  and  the  expression 
for  c„  becomes 


Thus  equation  (4)  becomes 


The  ratio  B,  of  the  unmber  of  ions  that  pass  a  section  at 
a  distance  z  irom  the  origm  to  the  number  that  enter 
the  tube  ia 

r»  2  F 

When  the  value  of  p,  equation  (9),  is  substituted,  the  integra- 
tion of  the  numerator  of  this  fraction  may  be  obtained  from 
equation  (8),  and  the  expression  for  R  becomes 

(•■  |«,'L<!*i/i'9iJ 

The  coe£Scient8  of  the  exponential  terms  coTresponding 
to  the  two  smallest  roots  of  equation  (6), 


may  he  obtained  from  the  following  nnmbera  that  have 
been  found  for  the  values  of  dM/dr  and  dM/d6 : 
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-rsl^l        =-1321,      T-^    -r-*  =-0302, 

«,»"  i  dr  J  0^a'  I  dr  J  ' 

-i     ^  = -0926,      -i  ^— *  =-0279. 

aHrf^iJ  '     a*lde^} 


B  =  4(-19S2t~   2«'''    +-0243(~  2a»K  +.,.j. 
In  practice  it  ia  impossible  to  determine  the  number  of 
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ions  that  enter  the  tube,  so  that  the  ratio  of  the  numbers 
of  ions  n,  and  n,  emerging  with  a  stream  from  tubes  of 
difiEerent  lengths  z,  and  z,  is  determined  experimentally, 
the  same  nnmber  of  ions  entering  the  tubes  in  each  case. 
The  ratio  n,/nj  is  therefore 

7-318g«i  U-6Eti 

S  -  -'flSt"    »°'''    +-0243f      2°'t' 
"*  ~  7-318gti  it-5K:, ' 

.195,"    2a'('    +.0243t"  2a'V 

In  order  to  deduce  K  from  the  experimental  result*  it  is 
necessary  to  draw  a  curve  whose  equation  is 
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y 3^ «;5-^' 

■195e     •■ +■0243e~'Bl'"'l 
8O  that  when  j/  f  =  ii/?ij  is  given,  the  value  of  x  which  is 

The  curves,  figure  27,  give  the  values  of  y  in  terms  of  the 

7"315  ICz 
quantity  -      ^„  ' ,  curve  1  being  for  the  case  in  which 

j!j/jj  =  4  and  curve  2  for  2,/^g  =  8. 

lis.  Comparison  Of  eilbcts  of  diff\ision  and  recombination 
on  the  oonduotivity  of  a  atream.  When  a  suitable  ratio  of 
the  lengths  Zj  and  z^  is  adopted  [such  as  4 :  I  or  8 : 1],  the 
ratio  of  the  conductivities  ■n^/ii^  depends  on  the  values  of 
Kz-^/a^V,  and  for  accurate  determinations  it  is  necessary 
to  adjust  the  velocity  V  so  that  ii,/Tig  is  about  -5.  The 
average  time  z^/V  that  the  gaa  is  in  the  longer  tube  is 
then  proportional  to  a\  The  reduction  in  the  conductivity 
arising  from  recombination  is  proportional  to  the  time 
Zi/V,  so  that  it  is  advantageous  to  have  tubing  of  small 
bore,  and  thus  reduce  as  far  as  possible  the  correction  for 
recombination.  Also  when  the  gas  contains  ions  of  one 
sign  the  self-repnision  of  the  ions  gives  rise  to  a  motion 
towards  the  surface  of  the  tubing  which  tends  to  diminish 
n,.  The  correction  for  this  effect,  like  the  correction  for 
recombination  when  ions  of  both  signs  are  present,  rises  in 
importance  in  proportion  to  the  product  of  the  density  of 
ionization  and  the  time  z^/V. 

The  upper  limit  of  the  intensity  of  ionization  that  may 
be  used  without  introducing  a  serious  error  arising  from 
the  process  of  recombination  or  self-repulsion  may  be  easily 
found. 

Let  p  be  the  mean  value  of  the  charges  on  the  positive 
and  negative  ions  per  cubic  centimetre  in  the  longer  tubes. 
The  loss  dp  due  to  recombination  is  given  approximately  by 
the  formula 


V. 


u.,=,i,z<,d=vGoogIe 
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a,  the  coefiScient  of  recombination,  being  about  3300  for 
gases  at  atmospheric  pressure.  It  is  desirable,  for  accurate 
measurements,  that  the  quantity  apt  should  not  exceed  -01. 
When  the  gas  contains  ions  of  one  sign  the  dimiuution 
in  density  due  to  self-repulaion  is  given  by  the  formula 

p 
where  k,  the  velocity  of  the  ions  under  a  force  of  an  electro- 
static unit,  is  about  540  centimetres  per  second  for  negative 
ions  in  dry  air  and  440  for  positive  ions. 

It  is  interesting  to  observe  that  sometimes  both  effects 
take  place.  The  negative  ions  diffuse  much  faster  in  dry 
gases  than  the  positive  ions,  so  that  when  equal  numbers  of 
positive  and  negative  ions  enter  the  tubes,  an  excess 
of  positive  ions  emerges  with  the  stream.  The  gas  has 
a  positive  charge  while  it  is  in  the  longer  tubes,  and  this 
tends  to  diminish  the  number  of  negative  ions,  and  to 
increase  the  number  of  positive  ions  that  are  lost  to  the 
sides. 

Thus  after  making  the  correction  for  recombination  the 
values  of  K^  and  K^  for  the  positive  and  negative  ions  are 
still  subject  to  a  small  additional  error,  K_  being  too  small 
and  K^,  being  too  large. 

It  is  therefore  necessary  to  use  tubing  of  very  small  bore, 
and  density  of  ionization  of  a  small  order  of  magnitude,  so 
as  to  reduce  the  errors  that  arise  from  these  causes. 

The  quantity  of  electricity  carried  through  a  single  tube 
would  under  these  conditions  be  inconveniently  small,  and 
in  order  to  avoid  the  necessity  of  making  electrometer 
observations  of  several  minutes  duration,  a  number  of  small 
tubes  were  osed  in  parallel. 

In  the  first  experiments  twelve  tubes,  3  millimetres  in 
diameter,  were  used  in  parallel,  and  it  was  necessary  to 
apply  corrections  to  the  quantities  tv,  to  compensate  for  the 
loss  of  conductivity  arising  from  recombination.  These 
correctioM  were  of  the  order  of  one  or  two  per  cent  for  the 
smaller  conductivities,  and  rose  to  nine  per  cent,  for  the 
larger  conductivities. 
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In  the  later  experiments  twenty-four  tubes  of  one  milli- 
metre in  diameter  were  used  in  parallel,  and  in  this  case 
it  was  not  considered  necessary  to  make  corrections.     The  " 
shorter  tubes  were  -5  centimetre  in  length,  and  the  longer 
tubes  4  centimetres. 

118.  Description  of  apparatus  used  to  determine  tlie  rate 
of  diffluion  of  i<ms.    The  arrangement  of  the  tubes  in  these 


Figure  28. 

experiments  is  shown  in  figure  28.  The  tubes  T,  in  which  . 
difTosion  takes  place  were  passed  through  holes  drilled  in 
two  brass  discs  B^  and  D^  which  fitted  exactly  into  the 
large  tube  A.  The  holes  in  the  discs  lay  on  a  circle  whose 
centre  coincided  with  that  of  the  disc,  so  that  the  tubes 
Ti  were  symmetrically  placed  in  the  large  tube  and  equal 
streams  of  gas  passed  through  each.  Twenty-four  tubes 
4  centimetres  long  and  1  millimetre  in  internal  diameter 
were  thus  arranged  in  parallel.  The  disc  jDj  was  soldered  to 
the  end  of  a  tube  ^i  provided  with  an  electrode  E,  with 
which  contact  was  made  through  the  rod  Fy  The  latter 
was  insulated  and  held  in  position  by  the  ebonite  plug  G^^. 
The  shorter  tubes  T^,  -5  centimetre  in  length,  were  similarly 
arranged   and    were  held  in   position   by  a  single    disc 
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soldered  to  the  end  of  the  tahe  B^,  which  was  exactly 
similar  to  B^.  The  tubes  T^  with  the  electrode  E-^  could 
thus  be  easily  removed  from  the  tube  A  and  the  shorter 
tubes  put  in  their  place. 

The  stream  of  gas  from  a  gasometer  that  passes  down  the 
large  tube  A  may  be  ionized  by  any  of  the  well-known 
methods  before  it  reaches  the  small  tubes.  The  figure 
shows  the  apparatus  as  arranged  for  generating  ions  hy 
ultra-violet  light.  The  light  originates  from  the  spark-gap 
S  in  the  circuit  of  a  Leyden-jar  discharge,  and  enters  the 
tube  A  through  the  quartz  plate  Z.  The  ions  are  produced 
at  the  surface  of  the  metal  plate  P,  which  was  made  a  little 
smaller  than  the  opening  in  the  tube  A  in  order  to  insulate 
it  from  the  tube.  The  positive  terminal  of  a  small  battery 
was  connected  to  the  tube  A  and  the  negative  terminal  to 
the  rod  that  carried  the  metal  plate  P,  so  that  when  nega- 
tive ions  are  generated  at  the  surface  of  the  metal  they  are 
repelled  into  the  stream  of  gas  passing  along  A  and  are 
thus  carried  into  the  small  tubes. 

The  same  apparatus  may  be  used  to  measure  the  rates  of 
diffusion  of  the  positive  and  negative  iooa  generated  by 
Bdntgen  rays  or  Becquerel  rays  coming  from  a  source 
placed  at  a  convenient  distance  from  the  opening  in  the 
tube  A.  In  these  cases  the  quartz  window  is  removed,  a 
thin  aluminium  disc  put  in  its  place,  and  the  upper  plate  P 
is  disconnected  from  the  battery  and  connected  1^  a  wire  to 
the  tube  A. 

The  ions  that  oome  through  the  tubes  T,  are  collected  on 
the  electrode  £,  when  the  tube  A  is  raised  to  a  high 
potential  of  about  80  volts  by  means  of  a  battery  of  accumu- 
lators, and  after  the  charge  t^  acquired  in  a  given  time 
is  determined,  the  tubes  Tj  are  removed  and  the  shorter 
tubes  T^  are  put  in  their  place.  The  same  density  of  ioniza- 
tion is  again  produced  in  the  stream  of  gas  and  the  charge 
71^  coming  through  the  shorter  tubes  is  determined. 

120.  Tslues  of  the  ooefflcients  of  difTonon  of  ions.  The 
results  of  the  experiments  *  made  with  different  gases  in 
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which  the  conductivity  was  produced  by  Itontgen  rays 
are  given  in  the  following  tables.  It  was  found  that  water 
vapour  had  a  considerable  effect  on  the  rate  of  diffusion, 
except  in  the  case  of  carbonic  acid,  as  ia  seen  by  comparing 
the  numbers  obtained  with  gases  that  had  been  passed 
through  a  tube  of  calcium  chloride,  with  those  found  for 
moist  gases  that  had  been  kept  over  water  in  a  gasometer 
from  which  the  water-vapour  had  not  been  removed. 


CoefficienU  of  diffotion 
of  ioQB  in  dt7  ga«e>. 

PoBitire         Negative 


CoefficienU  of  diffUgion 
of  ions  in  moiiit  gases. 

Positive         Negative 


•035 
•0358 
•0255 


OiyKcn  -025 

Carbonic  acid  -028 

Hydrogen  -123 

The  rates  of  diffusion  of  iona  in  air  at  various  pressures, 
from  200  millimetres  to  772  millimetres,  were  also  deter- 
mined, and  it  was  found  that  the  coefficient  of  diffusion 
was  inversely  proportional  to  the  pressure,  for  both  positive 
and  negative  ions. 

This  result  is  in  accordance  with  the  theory  of  difiiision 
when  the  size  of  the  ions  is  not  affected  by  the  pressure, 
and  the  increase  in  the  rate  of  diffusion  is  due  to  the 
increase  of  the  lengths  of  the  free  paths.  It  may  therefore 
be  concluded  that  over  the  above  range  of  pressure  the 
dimensions  of  the  ions  remain  constant. 

The  coefficients  of  diffusion  of  ions  produced  in  air  at 
atmospheric  pressure  by  various  methods  *  are  given  in  the 
following  table : 


Coefficient!)  of  diffusion  of  ic 

Dry  air. 

Positive        Negative 


a  into  gases. 

Moist  air. 
Positive         Negative 


RSntgen  rays 
Becquerel  ra^s 
nitr»- violet  light 


■  Phil.  Tran!'.  A,  196,  p.  259,  1900. 
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In  tlie  experiments  with  point  discharges  the  ions  were 
repelled  into  the  stream  of  air  from  a  point  in  a  side  tube 
projecting  from  an  aperture  in  the  large  tube  A,  figure  26. 

Two  side  tubes  were  used  at  different  distances  from  the 
tubes  T,  so  that  the  ions  were  in  the  gas  for  different 
lengths  of  time  before  measurements  were  made  of  their 
rates  of  diffusion.  The  numbers  in  the  first  line  were 
found  for  the  ions  generated  in  the  side  tube  nearest  to 
the  tubes  T  and  are  greater  than  those  in  the  second  line, 
which  correspond  to  ions  that  had  been  in  the  gas  for  a 
longer  time.  The  results  show  that  both  the  positive  and 
negative  ions  in  this  case  tend  to  increase  in  size  for  some 
considerable  time  after  they  have  been  generated,  which  is 
probably  due  to  the  formation  of  oxides  of  nitrogen  in 
small  quantities  by  the  point  discharge.  These  oxides  con- 
dense on  the  ions  more  readily  than  the  molecules  of  air 
and  reduce  their  rate  of  diffusion. 

With  regard  to  the  other  three  methods  of  producing 
ions,  it  is  most  probable  that  tiio  rates  of  diffusion  of  the 
negative  ions  would  be  exactly  the  same  in  each  case  if 
precautions  were  taken  to  have  the  air  in  the  same  state, 
as  regards  the  amount  of  water  vapour  present,  and  free 
from  dust. 

A  series  of  experiments  has  recently  been  made  by 
Salles  *  in  which  tubing  of  different  metals  were  used,  and 
the  same  values  of  the  coefficients  of  diffusion  were  obtained 
with  tubes  of  German  silver,  brass,  and  steel.  It  was  also 
found  that  the  rates  of  diffusion  were  inversely  proportional 
to  the  pressure,  for  pressures  between  760  millimetres  and 
1,300  millimetres. 

The  following  are  the  values  of  coe£Bcient8  K^.  and  K_ 
obtained  for  different  gases  at  760  millimetres  pressure, 
the  ionization  being  produced  by  a  radio-active  salt. 

K+  K~ 

Air  -032  -042 

Nitrogen  -0395  -0414 

Carbonic  acid  -025  -026 

Oxygen  -080  -041 

*  E.  Salles,  Thews  preHentees  &  la  Faculte  dea  ScieDCes  de  Faria,  1913. 


Air. 

Carbonic 
acid. 

Oxygen 

_ 

-18 

Carbonic  acid 

■142 

Ether 

•077 

-055 

Alcohol 

-101 

•068 

Water 

■198 

•132 
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121.  Comparison  of  tlie  ooeffloieiits  of  interdifiluiiou  of 
gaaea  with  the  coefflcieats  of  difTusioa  of  ions.  Ad  estimate 
of  the  sizes  of  the  ions  may  be  formed  from  the  nambers 
obtained  for  the  coefficients  of  diffusion.  They  may  be 
compared  with  the  coefficients  of  interdifiasion  of  gases, 
and  it  will  be  seen  that  the  ions  diffuse  comparatively 
slowly.  The  following  table  gives  the  coefflcients  of  inter- 
diffusion  of  some  gases  and  vapours  into  air,  carbonic  acid, 
and  hydrogen. 

Coefficients  of  inter-diffusion  of  gases. 

Hydrogen.         Observers. 

•721  LoBcliinidt 

•555 

■29  Winkelmann 

■378 
■687 

These  numbers  are  much  larger  than  the  rates  of  diffusion 
of  ions  into  the  same  gases.  Thus  the  mean  rate  of 
diffusion  of  the  ions  is  about  -038  in  air  and  -146  in 
hydrogen.  The  experimental  results  show  that  if  K  is  the 
coefficient  of  interdiffusion  of  two  gases  of  densities  />i  and 
pg,  the  product  K  '/p^p^  is  approximately  constant.  It  is  to 
be  noticed  that  the  rates  of  diffusion  of  ions  into  gases  are, 
to  the  same  order  of  accuracy,  inversely  proportional  to 
the  densities  of  the  gases.  If  the  mass  of  a  particle  be 
inversely  proportional  to  the  square  of  its  rate  of  diffusion, 
the  mass  of  a  negative  ion  in  air  is  nine  times  the  mass 
of  a  molecule  of  carbonic  acid,  and  the  mass  of  a  positive 
ion  about  double  that  of  a  negative  ion.  This  method  of 
estimating  the  sizes  of  the  ions  is  not  accurate,  for  when 
a  number  of  particles  diffuse  into  a  gas  the  molecules  of 
which  are  small  compared  with  the  particles,  the  rate  of 
diffusion  depends  principally  on  the  linear  dimensions  and 
not  on  the  mass  of  the  larger  particles. 

If  the  effect  of  the  electric  forces  between  the  ions  and 
neutral  moleoales  of  the  gas  be  neglected,  the  relative  sizes 
of  the  ions  and  the  molecules  may  be  deduced  from  the 
coefficients  of  inter-diffusion  and  viscosity  of  gases.   Various 


DIFFUSION  OF  IONS  151 

formulae  for  these  coefficients  are  given  in  treatises  on  the 
Kinetic  Theory  of  gases.  The  expressions  for  the  coeffi- 
cients of  inter-di^ision  are  in  many  cases  unsatisfactory, 
and  some  of  the  formulae  give  rates  of  diSVision  which 
depend  on  the  relative  quantities  of  the  two  interdiffiising 
gases,  and  are  not  in  agreement  with  experimental  results. 
Also,  another  source  of  error  arises  from  treating  the  effect 
of  a  collision  as  if  all  directions  of  motion  of  both  particles 
are  equally  probable  after  the  collision.  When  one  of  the 
molecules  is  of  much  larger  mass  than  the  other  a  large 
error  may  be  introduced  in  omitting  to  consider  that  colli- 
sions which  render  all  directions  of  motion  of  the  smaller 
molecules  equally  probable  may  produce  only  a  small  devia- 
tion of  the  direction  of  motion  of  the  larger  molecules. 

Langevin,*  in  hia  earlier  discussion  of  this  subject,  gives 
an  investigation  which  illustrates  the  principles  on  which 
the  calculations  of  the  relative  masses  of  the  ions  and  mole- 
cules may  be  made  when  the  ordinary  formulae  for  the 
coefficients  of  viscosity  and  interdiffusion  are  used.  When 
the  formulae  are  corrected  for  the  persistence  of  the  motion 
of  particles  after  collisions  these  coefficients  lead  to  a 
formula  for  the  relative  diameters  of  the  molecules  and  the 
ions.  A  simple  investigation  of  the  dimensions  of  the  ions 
by  this  method  is  given  in  Section  124. 

122.  Langevin'a  investigatlona  of  tlie  dumb  associated  with 
an  ion.  More  recently  Langevin  f  has  made  an  important 
investigation  of  the  coefficient  of  interdiffusion  of  two 
gases,  with  a  view  to  finding  an  explanation  of  the  small 
values  of  the  coefficients  of  diffasion  and  mobilities  of  the 
ions.  A  complete  solution  of  the  problem  of  interdiffusion 
of  two  gases  for  any  law  of  action  between  the  molecules 
was  obtained,  and  the  method  was  applied  to  find  the 
coefficient  of  diffusion  when  the  forces  between  the  mole- 
cules are  the  elastic  impulses  that  arise  from  direct  impact, 
and  also  to  the  more  complicated  case  when  the  effect  of 
the  electric  attraction  of  the  ion  on  the  neutral  molecules  is 
*  F.  Langevin,  Ann.  de  Chim.  et  de  Fbys.  (7)  28,  p.  289, 1903. 
t  Id.,  (H)  6,  pp.  245-288,  1905. 
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taken  into  consideration.  It  is  impossible  to  give  an  account 
of  the  investigations,  as  the  mathematical  work  is  necessarily 
very  complicated  and  lengthy,  but  the  conclusions  to  which 
they  lead  are  very  simple. 

The  electric  attraction  of  the  neutral  molecules  affects 
the  motion  of  the  ions  only  to  a  small  extent ;  that  is,  if  the 
ma^  of  the  ion  were  equal  to  that  of  a  molecule  of  the  gas, 
its  rate  of  diffusion  would  be  approximately  the  same  as 
that  of  a  molecule.  In  order  to  account  for  the  small  rate 
of  diffusion  of  the  ions  it  is  necessary  to  suppose  that  a 
group  of  molecules  is  formed  round  the  ion,  which  moves 
as  a  single  charged  particle,  the  molecules  being  held 
together  by  the  charged  centre.  In  dry  air  the  ratio  of 
the  diameter  of  a  positive  ion  to  the  diameter  of  a  mole- 
cule is  2-8  : 1,  and  the  diameter  of  the  negative  ion  to  that 
of  a  molecule  2:1. 

In  this  investigation  the  forces  arising  from  direct  impact 
and  the  forces  of  attraction  between  the  ions  and  the  neutral 
molecules  of  the  gas  are  taken  into  consideration.  If  the 
latter  effect  be  omitted  and  the  elastic  forces  that  arise 
when  ions  come  into  contact  with  molecules  be  considered 
alone,  then  larger  values  of  the  diameters  of  the  ions  are 
obtained,  which  are  3  and  2  -4  for  positive  and  negative  ions 
respectively  in  terms  of  the  diameter  of  a  molecule  of  air. 

In  order  to  show  that  a  group  of  molecules  may  be 
formed  round  an  ion,  the  attraction  between  an  ion  and 
a  molecule  was  also  investigated.  The  following  method  * 
of  treating  the  problem  gives  only  an  approximate  result, 
but  it  illustrates  the  principle  on  which  the  more  complete 
investigation  is  based. 

Iiet  8  be  the  specific  inductive  capacity  of  a  gas.  The 
moment  of  the  electrostatic  displacement  of  the  electricity 

in  the  molecules  is —  per  cubic  centimetre,  when  a 

4ir        "^ 

force  X  is  acting.  The  electric  moment  ft  of  a  molecule 
polarized  in  an  electric  field  of  intensity  X  is  therefore 

■  P.  LaogeTin,  Ann.  de  Chim.  et  de  Phys.  (7J  28,  p.  317, 190S. 
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centimetre.  When  the  electric  force  arises  from  a  charge  e 
on  the  ion  at  a  distance  r  from  the  raolecole,  the  force  / 

attracting  the  molecule  is  f=  P--f~(~^}  =  s — v  ■  "i"  The 
work  W  done  in  diminishing  the  distance  between  the  ion 
and  the  molecule  from  r  =  oo  to  r  =  rj  is 

TlA'   '   Tj* 

Comparing  this  energy  with  the  mean  kinetic  energy  of 
a  molecule,  w  =  ^mV,  the  ratio  9^/w  becomes 
W_      8-1  e*  _    8-1       ^ 

w  ~~  ijrmiVF*  '  1*1*  ~   l2irF  '  r,*' 
P  being  the  pressure  of  the  gas. 

For  oxygen  at  atmospheric  pressure,  the  value  of  a  is 
1.0006,  and  since  P  ~  10',  the  ratio  of  the  two  quantities 
W  and  iv  is 

■w  ~    Stt    '  r,*' 

If  the  ion  be  of  the  same  dimensions  as  a  molecule,  the 
work  done  in  bringing  a  neutral  molecule  into  contact 
with  the  ion  is  found  by  taking  r,  as  the  diameter  of  a 
molecule. 

Langevin  substitutes  in  this  expression  for  e  and  r  the 
values  that  have  been  determined  ezperimeotally,  and  finds 
W=  61(1  approximately. 

A  higher  degree  of  accuracy  is  obtained  by  taking  the 
value  of  e/r,"  deduced  from  the  ooefBcient  of  viscosity. 
Jeans  *  has  investigated  the  expression  for  the  viscosity 
of  a  gas,  taking  into  consideration  the  persistence  of  the 
velocity  of  the  molecules  after  collision,  and  obtained  an 
expression  for  the  coefficient  of  viscosity  which  is  approxi- 

_     ■44pV 
*  Jeani,  Dynamic^  Theory  of  Quel,  p.  250. 
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p  being  the  density  of  the  gas  and  V  the  mean  velocity  of 
agitation  of  the  molecules. 

Hence  —  =  — rrS>—  • 

At  normal  temperature  and  pressure  Ne  =  1-29  x  10",  and 
the  values  of  t(,  p,  and  V  for  oxygen  are:  ij  =  1-87  x  10^*, 
P=l*43xl0^',  and  y=4*2xlO*.  "When  these  numbers 
are  substituted  in  the  above  formula  the  value  of  e/r^*  is 
found  to  be  4x  10°,  and  the  corresponding  value  of  the 
ratio  W/w  is  2-5. 

Since  W  exceeds  the  energy  of  agitation,  a  group  of 
a  small  number  of  molecules  may  be  kept  together  by  the 
electric  force  arising  from  the  charged  centre,  and  the 
group  may  be  sufficiently  stable  to  resist  the  disintegrating 
effect  of  a  collision  with  a  molecule  having  a  kinetic  energy 
less  than  one  half  of  W. 

It  is  thus  possible  to  explain  the  rates  of  diffusion  K  and 
the  velocities  U  under  an  electric  force  over  a  large  range 
of  pressures  and  forces  when  the  values  of  K  and  U  are 
small  and  inversely  proportional  to  the  pressure.  The 
groups  that  are  formed  round  the  ious  are  not  very  stable, 
particularly  those  formed  round  the  negative  ions,  as  is 
seen  from  the  results  of  experiments  at  high  temperatures, 
or  at  ordinary  temperatures  when  the  pressure  is  reduced. 

At  ordinary  temperatures  the  instability  of  the  groups 
associated  with  the  negative  ions  is  shown  by  the  rapid 
increase  of  the  velocity  of  the  ions  under  an  electric  force 
when  the  pressure  is  reduced.  Thus  in  dry  i,it  at  25  milli- 
metres pressure  under  a  force  of  two  volts  per  centimetre, 
the  negative  ions  move  with  a  velocity  of  1,000  centimetres 
per  second,  and  the  positive  ions  with  a  velocity  of  69-6 
centimetres  per  second.  These  phenomena  can  only  be 
explained  on  the  hypothesis  that  the  average  size  of  the 
negative  ion  diminishes  as  the  ratio  'X/p  increases,  and 

*  It  ifl  inlereBting  to  observe  that  ~  is  the  electric  force  at  the  surface 

of  a  charged  molecule  and  is  about  5  k  lO"  volta  per  centimetre  for  a 
molecule  of  oxjgea. 
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that  the  mass  of  the  positive  ion  is  the  same  as  at  atmo- 
spheric pressure.  What  appears  to  be  inconsistent  with 
the  simple  theory  that  accounts  for  the  formation  of  the 
groups  is  the  difference  in  the  stability  of  the  groups 
formed  round  the  positive  and'  negative  ions,  and  the  fact 
that  in  the  case  of  the  negative  ions  the  group  should  begin 
to  disappear  when  the  value  o£X/p  is  so  small.  The  impul- 
sive force  tending  to  disintegrate  the  group  when  a  collision 
occurs  between  an  ion  and  a  molecule  depends  on  the 
velocities  of  the  ions  and  the  molecules.  There  is  no 
increase  in  the  velocity  of  agitation  of  the  molecules  when 
the  pressure  is  reduced,  and  the  velocity  acquired  by  an 
ion  under  the  electric  force  is  small  compared  with  the 
velocity  of  agitation  of  the  ions.  Thus  if  the  group  sur- 
rounding the  negative  ion  is  made  up  of  nine  moleoales 
of  air,  the  velocity  of  agitation  of  the  group  would  be  about 
1-5x10*  centimetres  per  second,  or  one-third  the  velocity 
of  agitation  of  a  molecule  of  air.  The  velocity  of  this  group 
in  air  at  26  millimetres  pressure  under  a  force  of  two  volts 
per  centametre  would  be  about  100  centimetres  per  second. 

In  this  connection  it  is  of  interest  to  consider  another 
property  of  the  motion  of  negative  ions  that  has  been  found 
experimentally,  namely,  that  the  velocity  of  agitation  of 
the  negative  ions  exceeds  that  of  particles  of  equal  mass 
in  thermal  equilibrinm  with  the  molecules,  when  the  velocity 
under  an  electric  force  exceeds  the  value  k^X/P,  k^  being 
the  velocity  under  unit  force  at  atmospheric  pressure  and 
P  the  pressu'  3  in  atmospheres.  Thus  the  velocity  of 
agitation  becomes  abnormally  great  as  X/p  increases,  and 
this  may  account  for  the  fact  that  under  similar  conditions 
of  force  and  pressure  the  tendency  for  groups  to  be  formed 
round  negative  ions  diminishes. 

The  most  direct  evidence  of  the  formation  of  groups  of 
molecules  round  the  ions  is  probably  to  be  found  in  the 
large  effect  that  may  be  produced  by  small  quantities  of 
water  vapour  on  the  motion  of  the  negative  ions.  When 
the  negative  ions  move  in  dry  air,  or  hydrogen,  at  low 
pressures  under  an  electric  force  with  a  high  velocity  that 
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may  exceed  the  value  k^  X/p  by  a  factor  of  100,  the  velocity 
is  rednced  to  the  normal  value  k^  X/p  by  admitting  a 
small  percentage  of  water  vapour  to  the  gas.  In  the  dry 
gasea  the  negative  ions  move  as  free  electrons  along  some 
of  their  patha,  hut  when  water  vapour  or  other  molecules 
having  a  high  specific  inductive  capacity  are  present,  groups 
are  formed  of  these  molecules  which  are  more  stable  than 
the  groups  that  are  formed  of  the  molecules  of  air  or 
hydrogen. 

123.  Hean  free  paUi  of  a  particle  moving  in  a  gas.  In 
order  to  calculate  the  dimensions  of  the  ions  from  the 
formula  given  in  Section  85  for  the  rate  of  interdiffusion 
of  two  gases,  it  is  necessary  to  express  the  mean  free  path 
of  a  particle  moving  in  a  gas  in  terms  of  the  radii  of  the 
particle  and  a  molecule  of  the  gas. 

Let  o-  be  the  sum  of  the  radii  of  a  particle  A  and  a 
molecule  of  a  gas  B.  The  volume  traversed  per  second  by 
a  sphere  of  radius  o-  moving  with  a  velocity  u  is  na^u,  so 
that  if  the  molecules  of  B  are  at  rest  and  the  particle  A 
moves  with  a  velocity  ii,  the  number  of  collisions  per  second 
will  be  iia^uN,  N  being  the  number  of  molecules  of  B  per 
cubic  centimetre.  The  number  of  collisions  that  actually 
take  place  depends  on  the  relative  motions  of  the  particle 
A  and  the  molecules  of  B,  and  they  become  more  frequent 
when  the  molecules  of  the  gas  B  are  also  in  motion.  The 
mean  free  path  of  the  particle  A  then  becomes  shorter. 

The  determination  of  the  length  of  the  mean  free  path  is 
more  difficult  under  these  conditions.  The  problem  has 
been  investigated  by  Maxwell,*  who  found  that  the  mean 
free  path  i  of  a  particle  moving  with  a  mean  velocity  u,  in 
a  gas  containing  N  molecules  per  cubic  centimetre,  is 


1  = 


u'  being  the  mean  velocity  of  agitation  of  the  molecules. 

*  J.  C.  Huwell,  Pbil.  Hag.  (4)  19,  p.  28, 1860 ;  CoUected  F&pera,  vol.  i, 
p.  387. 
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The  mean  free  path  V  of  a  molecule  of  the  gas,  obtained 
by  equating  v.  and  u',  becomes 

8  being  the  diameter  of  a  molecule. 

Also  it  follows  that  the  mean  free  path  of  a  particle, 
moving  at  a  very  high  speed  through  a  gas,  exceeds  the 
mean  free  path  of  the  same  particle  moving  with  a  velocity 
equal  to  the  velocity  of  agitation  of  a  molecule  of  the  gas 
by  the  factor  ■/s. 

The  mean  free  path  of  a  molecule  is  obtained  from  the 
viscosity  q  of  the  gas,  by  the  formula 

"  = 3 • 

m',  I',  vf,  being  the  mass,  the  mean  free  path,  and  the 
velocity  of  agitation  of  a  molecnle.  The  factor  1-25  is 
introduced  in  this  expression  to  correct  for  the  effect  of 
persistence  of  velocity  when  molecules  of  equal  mass 
collide.* 

In  what  follows,  the  mean  &ee  path  of  a  molecule  will  be 
taken  as  the  value  of  I'  obtained  from  this  equation,  which 
gives  the  mean  free  path  of  a  molecule  in  air  at  760  milli- 
metres  pressure  and  16°C,  as  7-5  x  10'"  centimetre. 

124.  Sises  of  ions  deduced  from  the  coefficients  of  diffu- 
sion. When  the  effect  of  the  electric  force  on  the  neutral 
molecules  is  neglected,  and  tke  collisions  between  ions  and 
molecules  are  treated  as  ordinary  collisions  between  un- 
charged molecules,  the  coefficient  of  diffusion  of  the  ions  is 
given  by  the  formula 

""  3      nT' 
I  being  the  mean  free  path  of  an  ion,  u  its  velocity  of 
agitation,  m  the  mass  of  an  ion  consisting  of  a  group  of 
molecules  held  together  by  the  charge,  m'  the  mass  of  a 
molecule  which  is  small  compared  with  m.    As  has  been 

'  JetMB,  Dynamical  Theory  of  Gases,  p.  250. 
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explained  in  Section  86,  the  factor  mAii,'  in  this  formula 
acconnts  for  the  eflfect  of  the  persistence  of  the  velocity  of 
the  larger  mass  afler  a  collision. 

Also  since  u  is  small  compared  with  u'  the  mean  free  path 
of  the  ion  is  „ 

where  o-  is  the  sum  of  the  radii  of  an  ion  and  a  molecule. 

Hence  the  coefficient  of  diffusion  in  terms  of  the  radii 
becomes 


imi'  1  «. 


since  mw*  =  m  ii  ». 

The  coefficient  of  diffiision,  therefore,  only  involves  the 
line^  dimensions  of  the  larger  mass. 

Also,  since  the  mean  free  path  of  a  molecule  of  a  gas  is 
l/v'Sirs^Jf,  the  coefficient  of  viscosity  is 

p  being  the  density  of  the  gas. 

Hence  "^^  _  i        "^2 

^~  K'p'T^' 

If  the  diameter  of  the  ion  be  x  times  that  of  a  molecule, 
then  2ff  =  (1  +«)s,  and  the  equation  for  x  becomes 


l  +  x  _      I  V 
2  V  ^^  * 


The  values  of  x  thus  obtained  for  ions  in  air  are 

jc  =  3  -6  for  positive  ions ; 

X  =  2-7  for  negative  ions  ; 

the  values  taken  for  K  being  -030  for  positive  ions  and 

•045  for  negative  ions,  jj  the  viscosity  of  air  at  15°C.  being 

taken  as  1-78  xlO""*. 

The  viscosity  ?j  is  independent  of  the  preasnre  of  the  gas, 
and  for  a  large  range  of  pressures,  when  small  electric  forces 
are  acting,  the  coefficient  of  diffusion  is  inversely  propor- 
tional to  the  pressure,  so  that  Kp  is  constant.    Under  these 
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conditions  the  groaps  of  molecules  surrounding  the  atomic 
charges  remain  analtered  when  the  pressure  varies. 

As  the  pressure  is  reduced  a  point  is  reached,  depending 
on  the  intensity  of  the  electric  force,  at  which  the  coefficient 
of  diffusion  increases  more  rapidly  than  the  inverse  of  the 
pressure.  The  average  size  of  the  ion  then  diminishes,  and 
at  sofficiently  low  pressures  the  negative  electrons  are  not 
attached  to  molecules  of  the  gas. 

Similar  calculations  for  ions  in  hydrogen  at  the  higher 
pressures  give 

X  =  B-2  for  positive  ions, 
X  =  4-0  for  negative  ions. 

Since  the  rate  of  diffhsion  of  ions  in  any  gas  may  be 
calculated  from  the  mobilities  if  it  he  assumed  that  the 
charge  on  the  ions  is  equal  to  the  atomic  charge,  the  ratio 
X  of  the  diameter  of  an  ion  to  the  diameter  of  a  molecule 
may  be  obtained  for  those  oases  in  which  the  velocity  due 
to  an  electric  force  has  been  determined. 

12B.  Egnalit7  of  atomic  charges  in  liquids  and  gases. 
Values  of  the  prodnot  Sb,  The  conclusions  of  most 
interest  that  may  be  deduced  &om  the  determinations  of 
the  rates  of  diffusion  are  in  connection  with  the  relation 
that  the  charge  on  an  ion  in  a  gas  bears  to  the  charge 
on  a  monovalent  ion  in  a  liquid  electrolyte.  When  a 
quantity  of  electricity  equal  to  one  electromagnetic  unit 
passes  through  a  dilute  acid,  1-22  cubic  centimetres  of 
hydrogen  at  16°C.  and  760  ram.  pressure  are  evolved  at 
the  negative  electrode.  If  B  be  the  charge  on  an  atom  of 
hydrogen  in  the  liquid,  and  N  the  number  of  molecules  per 
cubic  centimetre  of  a  gas  at  atmospheric  pressure  and  15°  C, 
the  charge  2  NEx  1-22  is  3  x  10^°  electrostatic  nnits,  or 
NE=  1-23x10". 

The  values  of  ife,  where  e  is  the  charge  on  an  ion  in 
a  gas,  may  be  found  by  comparing  the  rates  of  diffusion  K 
with  the  velocities  U  under  an  electric  force  X. 

It  has  been  shown,  Section  84,  that 
U  _lfe.X 
A'~      n     ' 
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where  n  is  the  presaore  of  a  gas  containiug  N  molecnlea  per 
cubic  centimetre  at  the  temperature  15°C.,  at  which  the 
quantities  of  K  and  U  were  determined.  Taking  11  =  10* 
as  the  pressure  of  the  atmosphere  in  dynes  per  sqoare  centi- 
metre, and  U^  the  velocity  due  to  a  force  of  one  volt  per 
centimetre,  the  value  of  ^<s  becomes 

Substituting  in  this  formula  the  values  of  the  velocities 
obtained  1^  Zeleny  and  the  rates  of  diffusion  given  in 
Section  120,  the  following  numbers  are  obtained  for  the 
product  JTcx  10-": 

Dty  gu.  Moirt  gas. 

FoBitive         Negative 


Air 

1-45 

Oiygen 

1-68 

Carbonic  aad 

•99 

Hydrogen 

1-63 

These  results  indicate  that  the  charges  on  ions  produced 
by  lUjntgen  rays  in  gases  are  approximately  equal  to  the 
atomic  charge  E.  The  numbers  show  that  the  values  of 
He  for  positive  ions  are  probably  larger  than  those  for 
negative  ions,  which  may  be  explained  on  the  hypothesis 
that  some  of  the  positive  ions  have  twice  the  atomio 
charge. 

The  agreement  with  the  theory,  as  shown  by  the  above 
figures,  is  not  so  good  in  the  case  of  carbonic  acid,  but  this 
is  probably  due  to  errors  introduced  by  using  insufficiently 
pure  gas  in  some  of  the  experiments,  as  a  more  accurate 
determination  of  the  product  Jfe  by  another  method  shows 
that  in  carbonic  acid,  as  well  as  in  other  gases,  the  ions  have 
atomic  charges. 

126.  lAteial  difl\uiion  of  a  stream  of  ions  moving  under 
sn  electric  force.  In  the  above  method  of  determining  the 
quantity  ^e  the  possible  errors  include  the  experimental 
inaccuracies  in  the  determinations  of  U  and  K,  and  also 
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errors  arising  from  the  fact  that  the  same  degree  of  dryness 
or  purity  of  the  gases  may  not  be  attained  in  each  case. 
In  order  to  avoid  this  difficulty,  another  investigation  was 
made  which  provided  a  means  of  determining  the  quantity 
iVe  ii-om  a  single  experiment.  The  method  *  practically 
consists  in  finding  directly  the  ratio  of  the  velocity  of  the 
ions  under  an  electric  force  to  the  rate  of  diffusion  when 
the  two  motions  take  place  eimnltaneoosly.  For  this  pur- 
pose ions  are  generated  on  one  side  of  a  thin  metal  sheet  A 
with  a  circular  aperture  through  which  the  ions  move 
under  an  electric  force,  and  are  received  by  two  electrodes 
at  a  snitable  distance  from  A. 

One  of  the  electrodes  was  a  disc  of  the  same  size  as  the 
aperture  In  A  and  immediately  opposite  to  it,  and  the 
other  a  flat  ring  surrounding  the  disc,  and  sepEirated  from 
it  by  a  narrow  air-gap  for  the  purpose  of  insulation.  The 
ions  move  from  the  aperture  in  A  under  the  electric  force 
towards  the  electrodes,  some  being  received  on  the  disc 
and  some  on  the  ring.  The  spreading  of  the  current  is  due 
to  the  diffusion  of  the  ions,  and  since  the  time  during 
which  this  process  is  acting  is  inversely  proportional  to 
the  velocity  of  the  ions  in  the  field  of  force,  the  ratio  of 
the  charge  received  by  the  disc  to  that  received  by  the  ring 
depends  on  the  value  of  the  ratio  K/Ui  X. 

The  apparatus  which  waa  used  for  the  purpose  of  investi- 
gating the  motion  of  ions  generated  by  secondary  Hontgen 
rays  is  shown  in  figure  29.  The  primary  rays  P  enter  the 
apparatus  through  an  alaminium  window  in  the  brass  cover 
and,  passing  through  an  annular  opening  in  the  thick  plate 
B,  fall  on  the  plate  8.  The  secondary  rays  ionize  the  gas 
in  the  space  above  S,  and  some  of  the  ions  moving  under 
the  electric  force  pass  through  the  grating  Q  and  the  circu- 
lar aperture  in  the  thin  sheet  of  metal  foil  A.  A  stream 
of  iona  thus  enters  the  lower  field,  the  central  portion  falling 
on  the  disc  i>,  and  the  outer  portion  on  the  wide  ring  G. 

Oataide  the  ring  G  and  in  the  same  plane  was  fixed 

another  ring  R^  connected  to  earth,  and  above  it,  at  inter- 

•  Proc.  Uoj.  Soc.  A,  SO,  p.  207, 1908. 
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vala  of  one  centimetre,  six  similar  flat  rings  were  fixed.  The 
rings  were  connected  in  series  by  eqnal  resistances,  the 
metal  sheet  A  being  connected  to  the  upper  ring  and  also 
to  the  plate  5  by  two  similar  resistances.  When  the  ring 
Rg  and  the  electrodes  C  and  D  are  at  zero  potential  and 
the  plate  jS  at  a  potential  V,  there  is  a  uniform  field  in  the 
space  below  the  metal  sheet  A.  In  order  to  bring  ions 
from  the  upper  part  of  the  apparatus  to  the  grating,  the 
plate  B  is  charged  to  a  potential  V  above  the  plate  S, 
so  that  the  electric  force  is  in  the  same  direction  on  the 
two  sides  of  the  grating. 


Figrure  29. 

The  charges  q^  and  q^  received  by  D  and  C  were  measured 
accurately  by  a  special  form  of  induction  balance.  The 
quantities  q^  and  q^  include  a  small  number  of  ions  gene- 
rated below  the  grating  by  scattered  rays.  In  order  to 
correct  for  this  effect,  the  force  in  the  upper  field  between 
8  and  B  was  reversed,  and  the  charges  g^'  and  $/  acquired 
by  the  electrodes  due  to  ions  generated  in  the  space  below 
the  grating  were  determined.  The  charges  Wj  =  Jj— 9i' 
and  «2  =  q^—q^  arriving  on  the  disc  D  and  the  ring  C,  due 
to  ions  coming  through  the  aperture  in  A,  were  thus 
found. 
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127.  Hathematical  investigation  of  the  lateral  diffiiaion  of 
a  stream.  Direct  determination  of  the  product  Ife.  The 
mathematical  inTestigation  of  the  distribatiou  of  the  ions 
below  the  sheet  of  metal  A  may  be  made  on  the  assumption 
that  the  steady  state  is  established,  since  the  numbers  that 
arrive  at  the  electrodes  when  a  uniform  stream  comes 
through  the  aperture  in  .4  is  the  same  as  when  the  ions 
come  through  the  aperture  intermittently  according  to  any 
function  of  the  time. 

The  differential  equations  for  the  partial  pressure  p  of 
the  ions  in  this  case  are 


K^(P»)  =  -,l 


p(y")  = 


dp 
'dy' 


and  the  equation  of  continuity  is 

On  eliminating  the  velocities,  the  equation  for  n,  the 
number  of  ions  per  cubic  centimetre,  becomes 
d*n      d'n      d^n      NeZ    dn 

'W' 

This  shows  that  n  is  a  function  of  IfeZ  which  is  deter- 
mined by  the  solution  of  the  differential  equation  that 
satisfies  the  sur&ce  conditions  depending  on  the  configura- 
tion of  the  apparatus.  Hence  the  ratio  of  the  charges  jij 
and  Wj  received  by  the  disc  D  and  the  ring  (7  is  a  function 
of  ifeZ  which  is  independent  of  the  pressure  or  the 
nature  of  the  gas,  and  when  the  ratio  of  these  charges  is 
determined  experimentally  the  value  of  Ne  may  be 
obtained. 

For  the  form  of  apparatus  that  has  been  described,  the 
M  2 
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equations  and  surface  conditiocs  are  as  follows :  Taking 
as  origin  of  co-ordinatea  the  centre  of  the  aperture  in  A, 
and  as  the  axis  of  z  the  line  joining  the  origin  to  the 
centre  of  the  disc  D ;  then  since  the  apertare  is  circulat- 
the  distribution  will  be  symmetrical  with  respect  to  s,  and 
the  equation  for  n  becomes 

r  being  the  distance  of  any  point  from  the  axis  of  s. 

At  the  plate  A,  n  is  a  constant  and  equal  to  iig  from  r  =  0 
to  r  =  a,  a  being  the  radius  of  the  aperture,  which  in  this 
case  was  7-6  millimetres.  Prom  r  =  ator  =  i,  wis  zero, 
b  being  the  inner  radina  of  the  rings  R, 

The  six  rings  at  intervals  of  one  centimetre  between  the 
plate  A  and  the  ring  R^,  were  introduced  in  order  to  obtain 
a  uniform  electric  field.  They  have  the  effect  of  dis- 
charging any  ions  that  may  diffuse  oat  to  a  large  distance 
from  the  axis.  The  theory  shows  that  in  general  the  num- 
ber that  would  reach  any  of  these  rings  is  negligible,  but 
that  is  not  of  importance  as  far  as  the  solution  of  the 
problem  is  concerned.  Since  the  rings  discharge  the  ions 
that  come  into  contact  with  them,  the  value  of  m  is  zero 
for  all  values  of  Z  when  r=b.  The  radius  of  b  was 
2-E  centimetres  and  the  distance  from  the  origin  to  the 
sur&ce  of  the  electrodes  was  7  centimetres. 

To  solve  equation  (1)  let  n  =  <i>t-''',  and  the  equation  for 
iff  becomes 

80  that  ^  is  the  Bessel  fiinctiou  J^{fir). 

The  general  expression  for  n  therefore  becomes 

7i  =  2^Jo(^,r)(-B.=. (3) 

The  number  n  being  zero  for  all  values  of  2  when  r  =  b, 
the  values  of  fi.  are  given  by  the  condition  J„  (/li)  =  0. 

Hence  n^  =  Xi/b;  /i^  =  iCj/fc  etc.  where  iTi,  a-j...  are  the 
roots  of  the  equation        j  /^\  _  (,_ 
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The  corresponding  values  of  6  are  given  by  the  equation 

The  positive  root  of  this  equation 

/^V^      ^      NeZ 

must  be  used  in  the  expansion  (3),  for  a  negative  value 
of  0  would  make  the  exponential  term  infinite  when  s  is 
infinite,  which  is  impossible,  since  n  diminishes  as  z  in- 


The  terms  in  the  expansion  of  n,  in  equation  (3),  are  thus 
fully  determined  except  the  coefficients  A.  These  may  be 
found  from  the  surface  conditions  at  the  plane  2=0. 

Equation  (3),  when  2  =  0,  becomes 

n=A^J„(^^r)  +  A^Jait^r)  +  ... 

Multiplying  each  side  of  this  equation  by /„  (//^r)  rdr  and 
integrating  from  r  =  0  to  r  =  6,  the  value  of  A,  is  obtained 
from  the  equation 

n  Jf,  Ox^r)  rdr  =  A^     J^  (^,r)  rdr    ...     (4) 

since  the  terms  of  the  form      J^  ((*,r),  J^  (fi^r)  rdr  vanish 

when  f*,6  and  fi.^b  are  roots  of  Jg  {3;)  =  0. 


I  0  to  r  =  a,  and  to  =  0  from  r  =  a  to  r  =  6,  equation  (4) 


".//.(/'.'•) 


Hence    A,  = ^  •   -V,"  '  =  — t|- I'TI    ,  ■ 

The  value  of  »  in  terms  of  r  and  2  thne  becomes 

J,  fag)  J„  (n,'-)     ,-»,..       1 

D,=,i,z.dbvGoogIe 
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The  ratio  R  of  the  charge  received  by  the  disc      Z-nnrdr 
to  the  charge  received  by  the  disc  and  the  ring     2Ttnrdr  is 


;.rJi(f^i«)«^'''' 


.M'v^k:!!!.     1 


where  z  =  7   centimetres,  a  =  -75,  b  =  2-5,  and  ii^b  =  x-^, 
fjgb  =  %,.,. 

Hence      R=  -3. i — '■'  '' 2 — 1  ^  '. 

X^  J,  {x-^  X^  Jj  (iCj) 

The  quantities  0  involve  the  product  NeZ  and  the  root 
x^  of  the  equation  /o{aj)  =  0,  since 


^'  -  V  "HP" 


■  i»  ~  2n' 

80  that  when  various  values  of  -=-  are  taken,  the  corre- 
sponding values  of  R  may  be  obtained  from  the  above 
equation. 

For  ordinary  purposes  values  of  R  between  -4  and  -6  are 
required,  but  when  dealing  with  the  effecta  obtained  in 
very  dry  gases  the  diffusion  becomes  abnormally  great  and 
it  is  necessary  in  many  cases  to  find  the  values  of  R  corre- 
sponding to  small  values  of  the  variable  -=-  ■ 

Haselfoot*  has  recently  computed  the  ratio  R  for  a  lat^e 
range  of  valnes,  and  the  curve  A,  figure  30,  Section  131,  is 
drawn  from  the  numbers  that  he  has  obtained.    The  ordi- 

nates  of  the  curve  are  y  =  R  and  x  =  -jy-  x  —  •    The 
'  C.  E.  Haaelfoot,  Proc.  Roy.  Soc.  A,  87,  p.  850,  1912. 
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factor  1/41  is  introduced  so  that  the  abscissae  x  may  repre* 
sent  the  force  Z  in  volts  per  centimetre  when 

ife=  1-23x10"', 
and  the  rate  of  diffusion  does  not  exceed  the  normal  value. 

For  the  purpose  of  determining  the  quantity  N^e  the 
ratio  R  in  terms  of  the  product  NeZ  is  all  that  is  required, 
but  in  other  experiments,  such  as  when  the  magnetic 
deflection  of  a  stream  of  ions  is  being  investigated,  it  is 
desirable  to  know  to  what  extent  the  ions  reach  the 
boundary  of  the  field,*  In  order  that  none  of  the  ions 
may  be  deflected  ofl*  the  electrodes  when  the  magnetic 
field  ig  applied,  it  is  necessary  to  use  electrodes  of  large 
area  to  receive  the  ions,  and  it  is  useful  to  have  a  means 
of  estimating  the  dimensions  of  the  electrodes  that  would 
be  required.  Some  information  can  be  obtained  on  this 
point  by  finding  what  proportion  of  the  ions  come  into 
contact  with  the  boundary  of  the  field  in  an  apparatus  of 
the  dimensions  of  that  used  in  the  experiments  for  the 
determination  of  the  product  N'e.     In  this  case  the  total 

number  of  ions  that  enter  the  field  is  2T!rndr  when  z  =  0, 
and  the  number  received  by  the  electrodes  is      2-nrmlr 

when  s  =  7  cm,,  the  difference  between  these  two  quan- 
tities representing  the  number  that  diffuse  outwards  to  a 
distance  of  2-5  centimetres  from  the  centre  of  the  stream 
and  are  discharged  by  the  boundary  of  the  field.  The  ratio 
\  of  the  two  integrals,  or  the  fraction  of  the  total  number 
that  reach  the  electrodes,  has  been  calculated  by  Haselfoot 

for  a  large  number  of  values  of  the  quantity  -=-■    The 

following  table  gives  the  values  of  R  and  \  in  terms  of 

JfeZ 


NeZ 

n 

2 

4 

8 

16 

24 

32 

R 

•195 

■197 

■210 

■265 

■329 

■384 

A 

•1 

■323 

■661 

See  Section  104 

■915 

■975 

•992 

jOo^Ic 
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In  the  experiments  for  the  determination  of  Ne  the  forces  Z 
were  chosen  so  that  It  shonld  be  greater  than  -40,  and  in 
those  cases  only  an  inappreciable  number  of  ions  come 
near  the  outer  edge  of  the  ring  C. 

138.  Efi^ct  of  aelf-repttlsion  on  the  dietribution  of  ions  in 
a  stream.  The  formulae  given  in  the  preceding  section 
for  the  distribution  of  the  ions  are  obtained  on  the 
hypothesis  that  the  electric  force  is  constant,  and  that 
the  lateral  expansion  of  the  stream,  arising  from  the 
mutoal  repulsion  of  the  ions,  shall  be  small  compared  with 
the  effect  of  diffusion. 

When  the  repulsive  forces  are  small,  the  order  of  the 
correction  to  be  applied  to  the  charge  n^  acquired  by 
the  disc  may  easily  be  obtained,  but  it  is  difficult  to 
estimate  the  correction  accurately,  so  that  it  is  necessary 
to  ensure  that  it  shall  be  smalL 

It  has  already  been  shown,  Section  113,  that  the  rat©  at 
which  the  density  p  varies  at  any  point  moving  with  the 
ions  is  given  hy  the  equation 

If  8  be  the  section  of  the  aperture  in  the  metal  sheet 
A,  kX  the  velocity  of  the  ions,  the  electrical  density  in  the 
central  portion  of  the  stream  is  (n,  +  7i2)/8A;X  initially,  and 
nj/akX  when  the  stream  reaches  the  electrodes.    The  mean 

density  being  («i  +  -^')/8kX,the  change  in  density  bp  in 

the  time  S(  =  z/kX  is  of  the  order 

z  being  the  distance  from  the  aperture  in  ^  to  the  electrodes. 
The  amount  to  be  added  to  «^,  the  charge  received  per 
second  by  the  disc,  in  order  to  compensate  for  the  effect  of 
the  mutual  repulsion  of  the  ions  is 

4. .(.,+  ^3)' 

thXh,  =  -Tyi 


j,=,i,z<,d=vGoogIe 
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This  quantity  mnst  be  small  compared  with  t),,  and  it  is 
neceaaary  to  conduct  the  experiments  at  low  pressures  so 
that  k  may  be  large,  otherwise  only  very  small  currents 
71,  and  nj  conld  be  used,  and  it  would  be  difficult  to  measure 
them  accurately. 

129.  YalasB  of  the  product  He  obtained  with  negative 
ions.  In  order  to  test  the  theory,  several  experiments  were 
made  with  ions  generated  by  secondary  Eontgen  rays  in  air 
under  various  conditions.  The  results  with  negative  ions 
are  as  follows : 

n—^....^  «*■■  Force  X  in  Intemity  of 

fn^S,"!";      ™lUp.,o.nli.       iopu.Uo.i,,  ».10-. 

metre.  arliitrary  umta. 


In  the  experiments  at  25  millimetres  the  correction  for 
mutual  repulsion  was  about  10  per  cent,  of  the  observed 
value  of  'Kj,  so  that  the  numbers  deduced  from  them  are 
the  least  accurate  of  the  series.  The  mean  of  the  other 
values  oi  ye  is  1-23  x  10",  which  is  in  good  agreement  with 
the  value  of  NE,  where  E  is  the  charge  on  a  univalent  ion 
in  a  liquid  electrolyte. 

The  above  experiments  were  made  with  secondary  rays 
emitted  by  a  tarnished  surface  at  S.  When  a  bright  surface 
was  used  and  the  ions  were  produced  by  corpuscular  rays, 
practically  the  same  number,  1-24x10"',  was  obtained. 
With  other  gases*  the  values  of  Nex  10""  obtained  for 
negative  ions  were  1-23,  1-24,  and  1-23  for  oxygen,  hydro- 
gen, and  carbonic  acid  respectively. 

,  1908  1  81,  p.  464,  1908 ;  SB,  p.  2&, 
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Similar  experiments  were  made  by  Haselfoot  *  with  ions 
generated  by  a  and  j3  rays  emitted  by  s  radio-active  sub- 
stance, and  the  mean  valaes  for  the  negative  ions  obtained 
in  different  seta  of  experiments  were 

1-24x10"'  and  1.22x10"'. 

In  all  these  experiments  with  negative  ions  a  small 
quantity  of  water  vapour  was  present,  an  amount  probably 
of  the  order  of  one-tenth  of  a  millimetre  pressure,  and  it 
was  found  that  results  were  then  in  accurate  agreement) 
with  the  theory.  The  ratio  of  the  charges  «,/(«!  +  n^  was 
independent  of  the  pressure  of  the  gas,  and  was  the  same 
for  all  gases  when  the  force  X  was  constant.  When  the 
gases  are  more  completely  dried  by  phosphoras  pentoxide, 
contained  in  vessels  connected  through  wide  short  tubes 
with  the  diffusion  apparatus,  different  results  are  obtained. 
At  the  lower  pressures  the  ratio  7i,/(ji,-|-7iJ  becomes  very 
much  less  than  at  the  higher  pressures  when  the  same  force 
is  used.  ITnder  these  conditions  the  motion  of  the  negative 
ions  does  not  follow  the  simple  laws  according  to  which 
the  lateral  diffusion  of  the  stream  of  ions  has  been  investi- 
gated, and  it  becomes  impossible  to  estimate  the  value  of 
the  quantity  Ne  from  the  experimental  results.  The  motion 
of  the  negative  ions  in  dry  gases  at  low  pressures  will  be 
discussed  more  completely  in  another  section. 

130.  Values  of  the  produot  ITe  obtained  with  positive 
ions.  Experiments  with  streams  of  positive  ions  generated 
by  secondary  Bontgen  rays  and  Becquerel  rays  were  made 
under  the  same  conditions  as  those  with  negative  ions. 
They  differ  in  two  respects:  the  motion  of  the  positive 
ions  is  not  affected  by  traces  of  moisture,  and  in  some  cases 
the  values  of  Ne  for  positive  ions  are  much  larger  than 
the  value  corresponding  to  a  single  atomic  charge. 

The  lateral  diffusion  of  the  stream  of  positive  ions  was 
the  same  for  very  dry  gases  as  for  gases  containing  traces 
of  moisture  over  the  range  of  pressures  that  were  used, 
which  in  the  case  of  air  was  from  three  to  twelve  milli- 

•  C.  E.  Hagelfoot,  Proc.  Roj.  Soc.  A,  82,  p.  18, 1909;  87,  p.  850, 1912. 
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metres.  When  the  ions  are  generated  by  Becquerel  *  raya 
the  value  of  Ne  x  10"""  found  for  positive  ions  was  between 
1-26  and  1*22.  Similarly  with  positive  iona  generated  by 
secondary  lUSntgen  f  rays  emitted  by  a  bright  metallic 
surface  8,  the  values  of  JfexlO"  were  1-26,  1-24,  1-26, 
1'33,  for  air,  oxygen,  hydrogen,  and  carbonic  acid  re- 
spectively. These  numbers,  excepting  the  last,  exoeed  the 
number  corresponding  to  one  atomic  charge  by  an  amount 
which  may  be  due  to  experimental  error,  so  that  probably 
all  the  iona  generated  by  Becquerel  raya  or  by  the  elec- 
tronic secondary  BOntgen  rays  have  monatomio  chai^^. 
When,  however,  the  iona  are  generated  by  secondary  Bont- 
gen  rays  emitted  by  a  tiu-nished  surface,  the  values  of  Ne 
are  much  larger  than  the  above  numbers.  In  a  series  of 
experiments  in  which  the  surface  8,  figure  29,  was  covered 
with  a  thin  layer  of  vaseline,  the  nombei^  2-03,  1-71,  1-84, 
1-66,  were  obtained  as  the  values  of  Nex  10"^"  for  positive 
ions  in  air,  oxygen,  hydrogen,  and  carbonic  acid  reapectively. 
Among  the  positive  ions  generated  in  these  cases  a  lat^e 
proportion  of  the  ions  appear  to  have  double  charges. 

With  regard  to  the  charges  on  the  positive  ions  generated 
by  Bontgen  rays  at  atmospheric  presaure,  it  is  dif&cult  to 
reconcile  all  the  resnlts  with  those  obtained  at  low  preaaures. 
The  principal  discrepancy  is,  that  at  atmospheric  pressure 
such  a  large  proportion  of  ions  with  double  charges  are  not 
obtained,  as  at  low  pressures.  Recently,  Franck  and  West- 
phal  X  made  a  series  of  determinations  of  mobilities  and 
rates  of  diffusion  of  ions  with  a  view  to  finding  the  per- 
centage of  positive  ions  with  doable  charges  at  atmospheric 
pressure.  With  ions  generated  by  Eontgen  rays,  they  have 
found  the  ooefBoient  of  diffusion  of  the  positive  to  be  •029, 
and  with  ions  generated  by  a,  /3,  and  y  rays  the  coefScient 
of  diffusion  of  the  pcaitive  iona  waa  much  larger,  being  -035, 
•037,  and  •035   for  the  three  typea  of  radiation.    These 

*  Haaelfoot,  loc.  cit. 

t  Proa  Rot.  Soc.,  A,  Sl^p.  464, 1908;  85,  p.  25, 1911. 
:  J.  Fi&nck  and  W.  H.  Weatphal,  Verb.  d.  D.  phyi.  Gee.,  11,  146  and 
276,  1909. 
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results  confirm  to  a  certain  extent  the  earlier  determina- 
tions in  which  it  was  foand  that  the  coefficients  of  difiusion 
of  positive  ions  in  air  generated  by  Bfint^n  rays  and  by 
Becqnerel  rays  were  '028  and  -032  respectively. 

Franck  and  Westphal  also  found  that  the  positive  ions 
generated  by  JEldntgdu  rays  did  not  all  difTase  at  the  same 
rate.  When  the  process  of  diffusion  takes  place,  the  ions 
with  the  larger  coefficient  of  diffusion  are  removed  from 
the  gas  more  rapidly  than  the  others,  and  the  mean  rate 
of  diffusion  of  those  remaining  in  the  gas  is  lower  than 
*029.  In  this  way  they  found  titat  the  rate  of  diffusion  of 
about  9  per  cent,  of  the  ions  was  as  low  as  -0175.  These 
results  may  be  explained  on  the  hypothesis  that  the  positive 
ions  with  double  charges  have  larger  groups  of  molecules 
associated  with  them,  and  therefore  difiuse  more  slowly 
than  those  with  single  charges.  No  similar  variation  was 
found  in  the  velocity  under  an  electromotive  force,  which 
shows  that  positive  ions  with  double  or  single  charges 
move  at  the  same  rate  in  an  electric  field. 

131.  Effect  of  water  vapour  on  tbe  lateral  difihsion  of  a 
Btream.  Abnormal  diffusion  of  electrons  in  dry  gases.  It 
has  already  been  mentioned  that  at  low  pressures  small 
quantities  of  water  vapour  influence  the  lateral  difiusion 
of  a  stream  of  negative  ions  in  a  marked  degree.  The 
effect  is  shown  by  the  curves,*  figure  30,  which  give  the 
values  of  the  ratio  of  the  number  of  ions  n,  received  by 
the  disc  C  to  the  number  n,  +  ti,  received  by  the  disc  and 
the  ring  D  in  the  experiments  made  with  the  apparatns 
shown  in  figure  29.  The  abscissae  represent  the  force  Z  in 
volts  per  centimetre  in  the  space  below  the  plate  A  through 
which  the  stream  of  ions  is  moving.  The  values  of  the 
ratio  7ij/{ni  +  n^)  are  the  ordinates  of  the  curves.  The  three 
dotted  curves  represent  the  values  of  R  for  negative  ions 
in  dry  air  at  the  pressores  5-6,  11,  and  16-5  millimetres. 
The  curves  show  that  the  lateral  diffusion  increases  as  the 
pressure  diminishes  when  the  force  is  constant.    The  theo- 

•  Proc  Roy.  Soc.,  A,  81,  p.  464, 1908. 
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retical  curve  ^  represents  the  values  of  the  ratio  tIi/(j1i  +  "j) 
for  different  forces,  and  is  the  same  at  all  pressures  of  any 
gas  or  any  mixture  of  gases,  when  the  motion  of  the  ions 
follows  the  ordinary  laws  of  diffusion  and  the  ions  have 
single  atomic  charges.  When  a  small  amount  of  water 
vapour  having  a  partial  pressure  less  than  one-tenth  of  a 
millimetre  is  admitted  to  the  diffusion  apparatus  the  ratios 
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Figure  30. 

^(/(•nj  +  Tis)  increase  and  agree  very  closely  with  the  theo- 
retical values,  given  by  the  curve  A. 

With  the  same  forces  acting,  these  effects  are  obtained  at 
much  higher  pressures  in  hydrogen  than  in  oxygen  or  air, 
and  in  carbonic  acid  the  effect  was  observed  at  lower 
pressures. 

The  increase  in  the  lateral  diffusion  of  the  stream  of 
negative  ions  shows  that  the  rate  of  diffusion  becomes 
abnormally  large  as  compared  with  the  velocity  due  to  the 
electric  force.    This  would  happen  if  the  charge  on  the  ion 
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diminished,  since  the  electric  force  would  then  have  a 
smaller  effect  on  each  particle,  or  it  may  be  due  to  an 
increase  in  the  velocity  of  agitation  of  the  ions  above  the 
value  that  is  attributed  to  it  under  ordinary  circumstances. 
The  first  hypothesis  may  be  dismissed  as  being  too  im- 
probable, and  moreover,  it  would  be  impossible  to  explain 
the  large  velocities  obtained  with  electric  forces  in  dry 
gases  at  low  pressures  if  the  charge  e  diminishes.  It  is 
necessary  therefore  to  examine  the  equations  of  motion  of 
the  ions,  to  see  at  what  point  any  modification  is  possible. 
These  have  been  deduced,  Section  85,  from  the  expressions 
for  the  velocity  due  to  an  electric  force  and  the  rate  of 
diffusion  in  terms  of  the  velocity  of  agitation  V  of  the 
particle,  namely 

Er=—  .  ^,  and  K  =  ^LV. 

The  ratio  of  these  quantities  is  taken  as  being  -=r- ,  where 

n  is  the  value  of  }  NmV*,  which  is  assumed  to  be  constant, 
and  equal  to  atmospheric  pressure. 

Since  N  denotes  the  number  of  molecules  per  cubic 
centimetre  of  a  gas  at  that  pressure,  the  average  kinetic 
energy  of  an  ion  ^mV^  is  thus  assumed  to  be  equal  to 
that  of  a  molecule  of  the  sarrounding  gas.  If  it  be 
assumed  instead  that  the  mean  kinetic  energy  of  agita- 
tion of  a  negative  ion  in  an  electric  field  is  equal  to  that 
of  a  molecule  multiplied  by  a  factor  k  which  increases 
as  the  force  increases  and  the  pressure  diminishes,  the 

equations  of  motion  will  then  involve  the  quality  -ryz- 
instead  of  -r^,  and  the  ratio  R  obtained  in  Section  127 
will  "be  given  by  the  curve  A,  figure  30,  the  abscissae  being 
,  NeZ 

The  quantity  ife  may  be  assumed  to  have  the  normal 
value  1-23x10^'',  so  that  for  any  value  of  R  determined 
experimentally  with  a  force  Z,  the  corresponding  value  of 
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Z/k  is  obtained  from  the  theoretical  curve.  The  values 
of  h  thus  found  for  ions  generated  in  air  by  secondary 
KSntgen  raya  are  given  in  the  following  table,  in  which 
Z  represents  the  electric  force  in  volts  per  centimetre  and  jj 
the  pressure  of  the  air  in  millimetres. 

Z             I  1-5  I     1              2  3  I  1-5  3 

V  11-0  16-5           5-S  11  165  5'5  II 

k  1-85          1-83         2-86         2-90  2-85  8-75  4-00 

Z/p             K)91          .091  I       .182         -182  -182  |  -278         -273 

The  table  shows  that  over  this  range  of  pressures  the 
values  of  k  depend  on  the  ratio  of  the  force  to  the  pressure. 

Further  investigations  on  this  subject  have  been  made 
by  Haselfoot*,  with  a  similar  apparatus,  in  which  the  air 
was  reduced  to  lower  pressures.  In  order  that  the  number 
of  ions  in  tiie^stream  shoold  not  fall  off  as  the  pressure  ia 
reduced,  the  ions  were  generated  by  the  action  of  ultra- 
violet light  on  a  metal  plate. 

The  lateral  diffoaion  continued  to  increase  as  the  pressure 
was  lowered,  and  for  pressures  lower  than  two  millimetres 
the  charge  received  by  the  disc  H  (figure  29)  was  less 
than  a  quarter  of  the  charge  received  by  the  two  electrodes 
when  electric  forces  from  one  to  four  volts  per  centimetre 
were  osed.  The  values  of  k—\  were  found  to  be  approxi- 
mately equal  to  ^X/p,  for  a  range  of  the  variable  X/p 
between  the  limits  -2  and  2-6. 

V  132.  Teloolty  of  agitaticot  of  electrons.  Values  of  the 
velocity  of  agitation  in  terms  of  the  ratio  "S^.  When 
the  ions  are  large  compared  with  the  molecules  of  the  gas, 
the  velocity  TT  due  to  an  electric  force  Z  is  given  by  the 
expression  ZeT/ii£,  where  m'  is  the  mass  of  a  molecule  and 
T  the  interval  between  collisions.  The  interval  T  depends 
on  the  linear  dimensions  of  the  larger  particle  and  the 
velocity  of  agitation  of  the  smaller,  so  that  the  velocity  W 
involves  the  dimensions  of  the  ion  but  is  independent  of 
its  masB.t 

When  the  negative  ions  are  in  the  electronic  state,  the 
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velocity  due  to  an  electric  force  depends  on  the  mass  of 
the  electron,  and  ia  independent  of  its  linear  dimensions 
provided  they  are  small  compared  with  the  dimensions  of 
a  molecnle.  The  relation  connecting  the  velocity  with 
the  mass  and  charge  of  the  electron  depends  on  the  motion 
of  agitation,  and  in  order  to  investigate  the  mass  of  the 
electron  by  this  method  it  is  necessary  to  determine  the 
value  of  A;,  when  the  conditions  are  the  same  as  those  under 
which  the  velocities  were  determined. 

Since  these  motions  are  afiected  to  a  considerable  extent 
by  traces  of  water  vapour,  it  is  desirable  to  make  both  sets 
of  experiments  with  the  same  gas.  In  order  to  satisfy 
these  conditions,  the  values  of  k  have  been  determined  * 
with  the  apparatus  illustrated  in  £gure  23,  which  was  used 
to  find  the  velocity  of  electrons  in  dry  air  for  a  large  range 
of  forces  and  pressnres.  The  value  of  k  may  be  deduced 
from  the  ratio  of  the  ohaige  ■%  received  by  the  electrode  (7, 
to  the  total  charge  ■%  +  %+%  when  the  magnetic  foro6 
is  zero. 

The  stream  of  ions,  in  this  apparatus,  came  througli 
a  small  narrow  slit  in  the  plate  B,  and  was  received  by 
the  electrodes  (7j,  (7,,  and  C^,  which  formed  portions  of 
a  disc  7  centimetres  in  diameter,  the  distance  between  S 
and  the  electrodes  C  being  4  centimetres.  The  central 
strip  G^  was  4-6  millimetres  wide,  and  was  separated  from 
the  two  equal  side-plates  (7,  and  G^  by  air-gaps  -6  milli- 
metre wide.  For  practical  purposes  the  central  electrode 
may  be  taken  as  5  millimetres  wide  and  the  side-plates 
may  be  considered  to  come  within  2-6  millimetres  of  the 
central  line. 

The  connection  between  the  ratio  R  =  "j/Cii  +  w-j  +  ft^), 

and  the  quantity  -pr-r-  may  be  determined  as  follows  : 

Let  the  origin  of  co-ordinates  be  taken  at  the  centre  of 
the  slit,  the  axis  of  z  being  normal  to  the  plate  B,  and  the 
axis  o£y  parallel  to  the  length  of  the  slit 
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The  distribntion  in  the  electric  field  when  the  motion 
becomes  steady  is  given  by  the  equation 

Ne    Z    dn 

When  the  electric  force  Z  is  measured  in  volts  per  centi- 
metre, and  the  value  of  the  constants  Ne  and  n  are 
inseri^d,  the  equation  becomes 

41^    dn 

The  number  of  ions  received  on  an  area  of  the  electrodes 
between  the  parallel  lines  x  and  x-Vdx  is  proportional  to 

Tidy,     Since  the  field  is  very  wide,  the  ions  do  not  extend 

to  the  bonuditry,  so  that  n  and  dii/dy  are  zero  at  the  limits 
of  the  integration. 

The  general  equation  for  n,  on  integration  with  respect 
to  y,  becomes 

rfa:'       da*         k    dz~      L  dy]  ~    ' 
where  q  =  I  ndy,  the  integration  being  taken  between  two 

points  on  the  boxindary. 

The  series  of  sines  that  represents  the  solution  of  the 
differential  equation  for  q  converges  very  slowly,  owing  to 
the  nature  of  the  boundary  conditions,  and  in  order  to 
obtain  an  accurate  result  it  would  be  necessary  to  find 
a  large  number  of  terms  of  the  series. 

An  approximate  solution  may  be  obtained  in  this  case  in 
a  simple  form,  since  the  principal  motion  in  the  s  direction 

compared  with  the  term  -r-  •  ^  when  Z  is  large,  and 
with  the  values  of  Z/k  that  occur  in  the  experiments  the 
error  introduced  by  neglecting  the  term  -~  is  probably 
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smaller  than  the  ezperimental  error.    The  equatiou  for  q 
then  redaces  to  the  form 

d^q  _ilZdq 

(h^~    k    dz' 

Considering  the  ions  that  pass  at  a  uniform  rate  through 

a  narrow  strip  in  the  centre  of  the  slit,  it  appears  from  this 

equation  that  the  distribution  of  the  quantity  q,  ae  expressed 

in  terms  of  x  and  s,  is  the  same  as  the  distribution  of 

temperature  i^,  in  terms  of  x  and  t,  in  an  infinite  solid 

initially  at  zero  temperature  throughout,  except  at  the 

plane  x  =  0,  where  the  temperature  has  a  constant  value  i^^ 

when  (  =  0. 

The  temperature  is  obtained  from  the  equation 

d^if)      1  d^ 

d^'Kli' 

and  the  solution  given  by  Fourier  is  0  =  .4(~i  e"**''*^'. 

In  the  problem  of  the  distribution  of  ions  in  the  space 
between  the  plates  B  and  G,  the  snr&ce  conditions  are 
q  =  0  when  2  =  0,  for  all  values  of  x  except  a;  =  0,  so  that 
q  in  terms  of  x  and  e  is  given  by  the  equation 

q  =  As-ir*>"      . 

The  distance  a  of  the  electrodes  from  the  origin  was 

4  centimetres,  and  the  central  electrode  was  6  millimetres 

wide,  so  that  the  ratio  R  of  the  charge  ii,  received  by  the 

central  electrode  to  the  total  charge  is 


^■26  riVZi 

f    (-2B6z,3>Ja;         r    €-^dy 


where  Zy  =  i 

When  various  values  are  substituted  for  Z^  the  corr&- 
spending  ratios  R  may  be  obtained  from  the  tables  of 
definite  integrals. 

It  is  necessary  to  take  into  consideration  the  width  of 
the  slit;  the  proportion  of  the  ions  coming  through  a  section 
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of  the  slit  near  the  edge  that  arrive  on  the  central  electrode 
is  somewhat  less,  than  the  proportion  of  those  that  come 
through  at  the  centre.  The  exact  proportion  for  any  section 
of  the  alit  is  easily  calculated,  and  the  ratio  R  when  the 
ions  come  through  all  sections  of  the  slit,  equally,  may  be 
found  in  terms  of  ^,. 

The  ourve  representing  E  in  terms  of  Z/k  is  very  similar 
to  the  curve,  figure  24,  whioh  gives  the  proportion  of  a 
cylindrical  stream  received  hy  a  central  disc. 

Thus  when  the  ratio  B  is  found  experimentally  for  any 
force  Z  the  value  of  Zj  =  Z/k  is  obtained  from  the  curve. 

The  values  of  k  and  W,  corresponding  to  the  same  forces 
and  pressures,  were  determined  for  a  range  of  forces  ex- 
tending from  2  volts  to  60  volts,  and  pressures  from 
•25  millimetre  to  18-5  millimetres.  It  was  found  that  both 
these  quantities  were  functions  of  the  ratio  Z/p,  as  is  seen 
by  the  following  table,  which  contains  examples  of  the 
results  obtained  when  the  ratio  Z/p  is  approximately 
constant: 


z/p 

k 

JTxIO- 

2-16 
25 
23 

2t0 
260 
240 

1-75 
197 
1-9 

10-8 
IM 
105 

46-0 
46-5 
45-5 

55 
5-6 
5-4 

The  usual  expressions  for  the  velocity  W  in  terms  of  Z 
only  apply  when  the  velocity  of  agitation  v,  of  an  electron 
is  considerably  greater  than  the  velocity  W,  and  it  is 
necessary  to  find  whether  this  condition  is  satisfied. 

It  will  be  seen  from  these  investigations  that  when  Z/p 
exceeds  '2,  the  ions  in  dry  air  are  in  the  electronic  state, 
so  that  the  value  of  e/vi  may  be  taken  as  5-3  x  10".  The 
value  of  e/m  for  a  molecule  of  air  being  10",  the  masses 
are  in  the  ratio  6'3xl0*:l,  hence  the  velocity  of  agita- 
tion of  an  electron  in  thermal  equilibrium  with  air  is 
230  times  the  velocity  of  agitation  of  a  molecule  of  air, 
or  10^  centimetres  per  second.     The  actual  velocities  of 
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■2 

•5 

1 

2 

5 

10 

20 

50   100 

150 

■5 

9 

1-26 

1.75 

30 

5.2 

90 

17-8   27 

85 

16 

24 

34 

47 

62 

67 

75 

101  127 

145 

8-0 

21 

42 

82 

186 

350 

675 

1740  8480 

5100 

5'1 

58 

58 

b-i 

4-4 

38 

8-6 

8.9   3.8 

86 

agitation  when  electric  forces  are  acting  exceed  this  value  t 
by  the  factor  \^h 

The  foUowing  table  gives  the  valaes  of  w  =  ^/k  x  1 0'  and  ■ 
the  velocities  W  in  terms  otZ/p: 


13S.  Values  of  e/m  for  electrons,  obtained  from,  the  deter- 
minatlons  of  the  velocity  of  agitation  and  the  velocity 
under  an  eleotrio  fora«.  When  ths  mass  m  of  the  charged 
particle  is  small  compared  with  that  of  a  molecule  of  a 
gas  the  velocity  W  is  given  approximately  by  the  formula 

W=  —  ■  - ,  and  is  proportional  to  Z  when  u  is  constant. 

But  the  velocity  of  agitation  of  the  electrons  increases  with 
Z,  hence  W  does  not  increase  in  proportion  to  the  force. 

The  resulte  of  the  experiments  are  thus  in  accordance  with 
the  theory,  since  Wv,  is  approximately  proportional  to  Z . 
when  p  is  constant  The  formula  diminishes  in  accuracy 
as  Z/p  increases,  since  the  velocity  W  approaches  u. 

The  value  of  e/m  for  the  charged  particle  may  be  deduced 
from  the  expression  for  W  in  terms  of  molecular  quantities,  ' 
but  the  above  formula  obtained  under  simplified  conditions 
only  gives  approximate  results.  A  more  complete  investiga- , 
tion  of  the  rate  of  diffusion  and  the  velocity  under  an 
electric  force  has  been  made  by  LangeviUj*  for  the  case  in  ' 
which  the  collisions  between  the  charged  particles  and  the 
molecules  are  of  the  type  that  occur  between  elastic  spheres. 
The  expression  for  the  velocity  W  under  these  conditions  is 


3Ze        Ik 


/  A  (TO  +  m,') 

where  to  is  the  mass  of  the  charged  particle,  to'  that  of 
a  molecule  of  the  gas,  cr  the  sum  of  the  radii  of  the  particle' 
and  a  molecule,  If  the  number  of  molecules  of  the  gas  per 

-  P.  Langevin,  Ann.  de  Chim.  et  de  PhjB.  (8)  S,  p.  24S,  1905. 
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cubic  centimetre,  and  k  three-fourths  of  the  reciprocal  of 
tlie  kinetic  energy  of  agitation  of  the  particle  or  a  molecule 
of  the  gas. 

Since  the  mass  of  the  electron  is  small  compared  with  that 
of  a  molecale,  the  ratio  (m  +  m')/mm'  rednces  to  l/m,  and 
l/wfr^JTis  the  mean  free  path  I  of  the  electron.  The  velocity 
W  of  an  electron  thus  becomes 

u  being  the  velocity  ot  agitation  of  the  electron,  and  I  its 
mean  &ee  path. 

The  value  of  e/m  for  the  electrified  particle  may  be 
obtained  by  eliminating  the  quantity  v.    Thus 

)l'«=?!S.-^_.i>x-664, 

where  Ne=  l-23xl0"»,  and  miPw*  =  3ixlO«.  At  a  milli- 
metre pressure  the  mean  free  path  of  a  molecule  of  air  may 
be  taken  as  7.5  x  10"' x  760.  The  mean  free  path  of  the 
particle  *  exceeds  that  of  a  molecule  by  the  factor  4,  since 
the  linear  dimenaions  of  the  particle  are  small  compared 
with  those  of  a  molecule,  and  by  an  additional  factor  '/2, 
owing  to  the  velocity  of  agitation  being  so  great  that  the 
motion  of  the  molecules  may  be  neglected  in  estimating 
the  free  paths  of  the  particle.  Hence  Ip  =  3-2  x  10*,  and 
e/m  is  given  by  the  formula 

i.  -  r^T  V  A 

m~[  Z  ]      2-8 

The  values  of  e/m  thus  obtained  from  the  determinations 
of  W  and  k,  corresponding  to  the  different  values  of  Z/p,  are 
given  in  the  table  in  the  preceding  section.  The  numbers 
do  not  differ  very  much  from  the  value  5-3  x  10"  found  by 
the  more  accurate  methods  under  conditions  in  which  the 
effects  of  collisions  between  electrons  and  molecules  may  be 
neglected. 

The  results  show  that  the  negative  ions  are  in  the 
•  See  Section  123. 

D,=,i,z<,d=vGoogIe 
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electronic  state  when  moving  in  dry  air  in  a  field  in  which  ^ 
the  vfdue  oiZ/p  exceeds  -2. 

The  differences  between  the  valaes  of  e/m  that  were 
obtained  are  not  entirely  dne  to  experimental  errors,  aV 
though  the  probable  error  in  the  final  resnlta  is  greater  ' 
than  that  in  the  direct  measurements,  since  the  square  of 
the  velocity  W  is  involved  in  the  formula  for  e/m..  The  ■ 
nature  of  the  collisions  between  electrons  and  molecules 
may  not  resemble  the  collisions  between  elastic  spheres  to 
the  same  extent  for  different  velocities  of  agitation  u. 

1S4.  Theoretioal  investigation  of  the  energy  of  agitation  of 
charged  particles  in  an  electric  field.  The  law  of  equi- 
partition  ofenergy  applies  in  general  when  molecules  react 
among  one  another,  as  in  the  kinetic  theory  of  gases,  but 
a  change  in  the  distribution  of  energy  may  be  produced  by 
external  forces.  In  all  oases  where  electric  forces  act  on 
ions  moving  in  a  gas,  their  kinetic  energy  exceeds  that  of 
the  molecules.  For  small  values  of  Z/p  this  excess  is  small, 
but  as  the  preceding  experiments  show  the  negative  ions 
may  acquire  an  abnormal  kinetic  energy  of  agitation  when 
Z/p  increases. 

A  theoretical    investigation    of  this    phenomenon   has 
recently  been  made  by  Pidduck,*  after  the  method  used  , 
by  Maxwell  f  in  his  later  papers  on  diffusion. 

The  problem  considered  was  that  of  the  final  steady 
motion  of  a  stream  of  ions  moving  under  a  constant  force. 

If  W  is  the  velocity  under  the  electric  force  and  Q.  the  < 
velocity  of  agitation  of  the  molecules  of  the  gas,  k  ia  given 
by  the  equation  ^i 

This  result  is  obtained  on  the  hypothesis  that  on  col- 
lision the  law  of  force  is  that  of  the  inverse  fifth  power 
of  the  distance  between  the  centres  of  the  ion  and  molecule, 
no  assamptioD  being  made  as  to  their  relative  masses. 

The  velocity  W  is   much  larger  for  electrons  than   for 

•  P.  B.  Pidduck,  Proc.  Eoy.  Soc.  A,  88,  p.  296, 1913. 

t  J.  C.  Maxwell,  Phil.  Trans.  167 ;  Collected  Papert,  vol.  ii,  p.  26. 
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positive  ions,  and  it  follows  from  this  equation  that,  with 
a  given  valae  of  2/p,  the  energy  of  agitation  of  the  electrons 
may  be  abnormally  great  when  that  of  the  positive  ions  is 
the  same  as  the  energy  of  agitation  of  the  surroanding 
molecules. 

The  theoretical  values  of  k  obtained  by  subatituting  the 
values  of  W  and  H  in  the  ibrmnla  are  mnch  greater  than 
those  obtained  experimentally,  but  a  more  satisfactory  resnlt 
is  obtained  by  assuming  that  there  is  a  loss  of  energy  on 
collision.  When  the  collisions  are  of  the  type  occurring 
between  imperfectly  elastic  spheres,  imd  the  mass  m  of  the 
ion  is  small  compared  with  the  mass  ^  of  a  molecule  of 
the  gas,  the  following  expression  for  k  is  obtained, 

where/ =  Hl  +  e),  e  being  the  coefGoient  of  restitution. 

If  the  collisions  are  perfectly  elastic  (/=  1),  this  equa- 
tion gives  ^pi 

as  before. 

The  values  of  jt— I  obtained  experimentally,  for  four 
different  values  of  Z/p,  are  given  in  the  second  line  of  the 
following  table ;  the  values  obtained  from  the  formula  when 
/  =  1  are  given  in  the  third  line, 

A  very  slight  deviation  of/ from  unity  will  give  much 
smaller  values  of  k.  The  values  of  /  in  the  last  line  are 
those  which  give  the  values  of  k  obtained  experimentally. 

Z/p                                 -2                  2  20                 150 

fc-l(ob8emd)  1-8                20  65                 210 

k-l^W*/a*  100  12x10'  .S2>;  10»  49x  10» 

/  S&QS  .»988  -W                -96 

This  investigation  shows  that  the  loss  of  energy  on  col- 
lision increases  with  the  velocity  of  the  electrons. 

136.  Magnetio  deflection  when  the  mass  of  the  pattioles 
andergoefl  changes.  The  preceding  investigations  apply 
to  cases  in  which  the  value  of  Z/p  is  comparatively  large, 
and  the  electrons  move  freely  between  the  molecules  of  the 
gas.    Under  these  conditions  the  magnetic  deflection  of 
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a  stream,  moving  under  a  constant  electric  force,  increases 
continuously  with  the  magnetic  force.  With  smaller  values 
oiZ/p  the  magnetic  force  has  a  different  effect,  as  is  shown 
by  the  experiments  described  in  Section  105.  "When  the 
pressure  of  the  air  exceeds  10  millimetres  and  a  constant 
electric  force  of  1  volt  per  centimetre  is  acting,  the  magnetic 
deflection  increases  at  first,  and  after  attaining  a  maximum 
value,  the  deflection  diminishes  as  the  magnetic  force 
increases.  In  these  cases  the  ions  are  in  a  transition  stage, 
and  the  electrons  may  be  detached  from  the  molecules 
with  which  they  are  usually  associated,  so  that  for  certain 
intervals  the  electrons  move  freely  between  the  collisions 
with  molecules.  In  order  to  explain  the  effect  of  the 
magnetic  force  on  the  stream,  it  is  necessary  to  consider 
the  average  velocity  of  a  particle  when  the  mass  undergoes 
large  variations  from  time  to  time. 

Let  a  *  be  the  velocity  of  a  free  electron  in  the  electric 
field  when  the  magnetic  force  is  zero,  and  b  the  velocity- 
when  the  electron  is  associated  with  a  molecule  or  a  group 
of  molecules,  the  velocity  b  being  small  compared  with  o. 

Let  X  = ,  where  H  is  the  magnetic  force,  e  the  charge 

and  m  the  mass  of  an  electron,  and  T  the  mean  interval 
between  two  consecutive  collisions  of  an  electron  with 
molecules  of  the  gas.  Also,  let  the  sum  of  the  intervals 
during  which  the  electron  moves  freely  be  (,,  and  (,  the 
sum  of  the  remaining  intervals  when  the  electron  is  associ- 
ated with  a  comparatively  large  mass.  When  the  mi^etio 
force  is  acting,  the  velocity  in  the  direction  of  the  electric 


the  velocity  is  b,  since  the  magnetic  force  has  practically  no 
effect  on  the  motion  of  the  larger  mass.  The  distance  S 
travelled  in  the  direction  of  the  electric  force  in  the  time 
(,  +  (,  is  therefore 

*  See  Sectiona  92  and  93. 


jOOgle 


DIFFUSION  OF  IONS  185 

The  velocity  in  a  direction  perpendicular  to  the  electric 
force  is  - — -^  for  the  time  t^,  and  during  the  time  t^  the 

magnetic  defection  is  inappreciable.  Hence  the  distance 
h  that  the  charge  travels  in  this  direction  in  the  time 
'i  +  'ifia  ^       axt. 

^  =  iT^- 

The  angle  of  deflection  of  the  stream  is  therefore  given  by 
the  equation 

.      a  _  ^ oorfi 

If  it  be  assumed  for  simplicity  that  the  ratio  t,/tg  is  not 
affected  by  the  magnetic  force,  then  x  is  the  only  quantity 
in  the  expression  for  tan  6  that  involves  H,  and  the  angle  0 
has  a  maximum  value  when  d0/dx  vanishes.  Hence  the 
value  of  H  for  which  ff  is  a  maximum  is  given  by  the  equation 
ati  +  Ut-x''bt^=  0, 

and  0„  the  maximum  value  of  0  is  given  by  the  equation 

at  J  ^        ar,' 
As   the   pressure   is   increased,   f,/f,   increases   and    the 
maximum   deflection   diminishes,   which  agrees   with   the 
observations.      Also    the  maximum    value  of   9  may  be 
expressed  in  terms  of  a:  as  follows : 

tanS_=— ^,  or  a;=tanfl_  + —  ■ 

Thus  when  the  maximum  value  of  $  is  small  the  magnetic 
force  required  to  produce  the  maximum  deflection  is  given 
approximately  by  the  equation 


At  10  millimetres  pressure  the  mean  free  path  of  the 
electron  is  of  the  order  3-2  x  10~^centimetres,and  the  velocity 
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of  agitation  is  1-4x10^  oentimetres  per  second,  assuming 
e/m  tobe  5-3x10"  and  k=  1-8.  The  value  of  T  may  there- 
fore be  estimated,  and  the  maximum  deflection  should, 
according  to  this  formula,  be  obtained  with  a  force  of  the 
order  of  260  electromagnetic  units.  The  force  that  was 
observed  to  give  the  maximum  deflection  was  about  100 
electromagnetic  units,  which  is  of  the  right  order,  but  a 
closer  agreement  with  the  theory  could  not  be  expected, 
owing  to  the  uncertainty  of  the  effect  of  the  magnetic  field 
on  the  ratio  (,/(,. 

ISe.  Hean  veloolty  as  obtained  by  different  methods.  In 
connection  with  this  theory  it  will  be  noticed  that  the 
velocity  TJ  of  an  ion  due  to  an  electric  force,  as  obtained  by 
a  direct  method,  ia  not  in  general  the  same  as  the  velocity 

deduced  from  the  magnetic  deflection  17^  =  — =j —  .    They 

represent  average  velocities  talien  in  different  ways,  and 
are  accurately  the  same  only  when  the  mass  associated 
with  the  charge  does  not  undergo  variations  during  its 
motion  through  the  gas.  If  the  variations  in  the  mass 
were  small  the  two  velocities  would  be  approximately 
equal,  but  when  the  mass  may  change  from  that  of  an 
electron  to  that  of  a  molecule  of  the  gas  they  may  be 
widely  different. 

The  distance  S  traversed  by  the  charge  in  the  time  ii  +  f^, 
when  H=Q,ia  8  =  at^-^ ht^, 

and  the  velocity  of  the  ion  as  obtained  by  a  direct  method  is 


The  velocity  as  obtained  by  the  magnetic  deflection  ii 
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Hence  t/".  = ; — I • 

If  the  Tidue  of  if  be  small,  so  that  the  ratio  t^/t^  will  be  the 
same  in  the  two  cases,  then,  neglecting  o^,  the  value  of 
U^  becomes  ^     g'f, 

"When  ix(,  and  bt^  are  of  the  same  order,  Ui,  is  much 
greater  than  U,  but  they  become  equal  when  f,  is  zero,  that 
is,  when  the  ions  are  in  the  electronic  state  throughout  the 
motion. 


^laiiizodbvGoogle 


CHAPTER  VI 

EECOMBINATION 

1S7.  Hethodfl  of  determining  the  rate  of  reoombination. 
When  ions  of  both  signs  are  generated  in  a  gas,  the  number 
that  remain  free  to  move  under  an  electric  force  diminishes, 
owing  to  the  recombination  of  the  positive  and  negative 
iona.  There  are  many  experiments  in  which  the  currents 
between  electrodes  in  a  gas  are  regulated  to  a  great  extent 
by  this  process.  The  currents  obtained  with  different 
electric  forces  when  ions  are  generated  at  a  uniform  rate 
in  a  gas  at  rest  between  parallel-plate  electrodes  afTord 
a  simple  illustration  of  the  effect  of  recombination.  When 
the  ions  are  generated  at  the  same  rate  at  each  point  of  the 
gas,  it  is  possible  to  find  expressions  for  the  currents 
obtained  with  various  forces,  and  to  determine  the  coefficient 
of  recombination  by  comparing  the  experimental  determina- 
tions with  the  theoretical  formulae.  The  principal  difficulty 
in  obtaining  accurate  results  in  this  case  is  that  the  ions 
are  seldom  produced  at  the  same  rate  at  each  point  between 
the  electrodes,  for  a  beam  of  rays  that  ionizes  a  gas  is 
always  divergent,  and  when  the  rays  fall  on  an  electrode 
secondary  radiation  is  given  off  which  increases  the  rate  at 
which  iona  are  generated  near  the  electrodes.  In  order 
to  avoid  these  difficulties,  a  method  has  been  devised  by 
Langevin  in  which  a  large  number  of  ions  are  generated, 
almost  instantaneoasly,  between  parallel  plates  by  a  single 
discharge  through  a  Rontgen-ray  tube,  and  the  coefficient 
of  recombination  is  easily  deduced  from  the  charges  acquired 
by  the  electrodes  when  different  forces  are  acting.  The 
advantage    gained    by  this   method    is   that   the  results 
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are  independent  of  the  initial  distribution,  provided  that 
the  charge  received  per  unit  area  of  the  electrodes  is 
constant  over  the  electrodes.  The  formula  for  the  number 
of  ions  that  arrive  at  the  electrodes  when  various  forces  are 
acting  applies  accurately  only  when  the  forces  are  so  large 
that  the  number  that  recombine  is  a  small  proportion  of 
the  total  number  generated.  The  variation  of  the  charge 
with  the  force  Ib  therefore  small,  and  in  order  to  obtain 
accurate  results  it  is  necessary  to  measure  these  small 
variations  to  a  high  degree  of  accuracy.  From  an  experi- 
mental point  of  view  the  method  is  therefore  somewhat 
difficult,  but  when  special  arrangements  are  made  for 
measuring  small  differences  of  two  charges,  very  consistent 
results  are  obtained.  Probably  the  simplest  method,  but 
one  which  only  gives  approximate  results,  is  that  used  by 
McClelland  in  his  investigation  of  the  conductivity  of  gases 
rising  from  flames,  and  also  by  Rutherford,  who  showed 
that  the  rate  of  recombination  of  ions  is  proportional  to  the 
square  of  the  conductivity,  as  the  theory  indicated.  The 
principle  of  this  method  is  to  ionize  a  stream  of  gas  moving 
along  a  wide  tube,  and  to  measure  the  conductivity  between 
electrodes  at  various  distances  from  the  point  at  which 
the  gaa  is  ionized.  The  conductivity  in  these  cases  depends 
on  TarioQS  factors ;  but  it  is  easy  to  arrange  experiments  in 
which  the  loss  of  conductivity  during  the  time  the  ions  are 
in  the  gas  is  due  principally  to  the  process  of  recombination, 
and  an  approximate  value  of  the  coefficient  of  recombina- 
tion may  be  obtained. 

136.  Approxiniate  determination  of  the  ooeffloient  of  re- 
oombination.  A  form  of  apparatus  that  may  be  used  to 
determine  the  coefficient  of  recombination,  from  measure- 
ments of  the  conductivity  of  a  stream  of  air,  is  shown  in 
figure  31. 

A  stream  of  gas  is  passed  through  the  wide  tube  A  and 
is  ionized  by  a  beam  of  E^intgen  rays,  that  enter  the 
apparatus  through  the  aluminium  window  W  in  the  large 
chamber  C,     The  secondary  radiation  from  the  snr&oes 
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on  which  the  primary  rays  fall  is  confined  to  the  space  C, 
and  no  additional  ions  are  generated  in'  the  gas  as  it  passes 
down  the  tube  A.  The  electrode  E  is  carried  in  a  tube  B, 
which  has  a  gauze  of  fine  wire  fixed  to  the  end,  the  tube 
being  made  to  fit  exactly  into  A,  so  that  it  may  be  placed 
with  the  gauze  at  various  distances  from  the  chamber  C. 
The  tubing  is  raised  to  a  high  potential  V,  and  the  electrode 
E  is  connected  to  the  insulated  quadrants  of  mi  electrometer, 
and  its  potential  does  not  differ  much  irom  zero  during  an 
experiment. 


Figure  31. 


The  field  of  force  is  limited  by  the  gauze  to  the  space 
between  the  electrode  and  the  tube  B,  so  that  the  positive 
and  negative  ions  are  not  separated  by  the  electric  force 
until  they  come  through  the  gauze.  The  ions  recombine 
while  the  gas  passes  from  C  to  the  gauze  in  front  of  the 
electrode,  and  when  the  gauze  is  reached  practically  all 
those  with  a  charge  of  the  same  sign  as  the  potential  Tpass 
through  the  gauze  and  are  collected  on  the  electrode  E. 

The  charges  Q-^  and  Qj  acquired  by  the  electrode  while 
the  rays  are  acting  for  a  certain  time  6  are  measured,  with 
the  gauze  at  distances  d^  and  d^  centimetres  from  the 
chamber  C. 

If  ji  is  the  number  of  positive  or  negative  ions  per  cubic 
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centimetre  at  a  point  moving  with  the  gas,  the  rate  of 
change  of  the  charge  j  =  iie  is  given  by  the  equation 

where  a  is  the  coefficient  of  recombination. 
If  q  changes  from  y,  to  jj  in  the  time  T,  then 

i-l  =  ?  T 
?i      ?i      «'    ■ 

The  charges  jj  and  q^  per  cubic  centimetre  of  the  gas  in 
the  tube  may  be  deduced  from  the  charges  Qj  and  Q^- 
If  u  be  the  mean  velocity  of  the  gas  in  the  tube  the  time  T 
is  equal  to  (d^—d^/u,  and  the  quantity  a/e  is  given  by  the 
formula 

« _  ^  1       1  v      u     _  m'e      Qi-Qi 
e       ^,      qj  di-d^~  di-d^  '  Qi.Q/ 
8  being  the  section  of  the  tube,  and  qeuB  =  Q. 

It  is  necessary  to  consider  the  effect  of  diffusion,  since 
some  of  the  ions  are  lost  to  the  surface  of  the  tube  A  in  the 
distance  d^  —  d^.  The  quantity  to  be  added  to  the  smaller 
charge  Q^  to  compensate  for  this  effect  diminishes  in  im- 
portance as  the  radius  of  the  tube  and  the  densify  of 
ionization  are  increased,  so  that  it  is  possible  to  reduce  the 
correction  to  a  very  small  quantity.  The  principal  in- 
accuracy arises  from  the  variation  of  velocity  of  the  gas  in 
the  tube,  since  the  equations  that  have  been  used  only 
apply  accurately  when  the  density  of  ionization  and  the 
velocity  are  constant  over  each  section  of  the  tube. 

The  coefficients  a/e  as  found  by  this  method*  are  3420, 
3380,  3500,  and  3020  for  ions  produced  in  air,  oxygen, 
carbonic  acid,  and  hydrogen  respectively,  and  are  in  good 
agreement  with  the  numbers  found  by  other  methoda 

189.  Theory  of  Langevin's  method.    In  Langevin's  method 

the  problem  to  be  investigated  theoretically  is  to  find  the 

quantity  Q  of  electricity  arriving  at  an  electrode  when  ions 

are  generated  instantaneously  in  a  £eld  of  force  of  intensity 

*  Phil.  Tn&i.  A,  183,  p.  157, 1899. 

U.,:,l,z<,d=vG00glf 
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X  between  two  parallel  plates,  the  initial  distribution  being 
any  function  of  the  distance  from  one  of  the  plates.  The 
solution  of  this  problem  may  be  fonnd  by  considering  the 
following  simple  example  of  two  streams  of  ions  moving 
past  each  other. 

A  large  number  of  positive  ions  N-i,  distributed  throughont 
a  oyliuder  of  unit  section  and  moving  with  a  velocity  u 
along  the  axis  of  the  cylinder,  meet  a  small  number  of 
negative  ions  ■%  travelling  in  the  opposite  direction  with 
a  velocity  v ;  to  find  the  number  of  ions  that  recombine. 


4 


Figure  S2. 


dm, 

yAdx  =  {u  +  v)dt. 

Hence 

dn 

Let  v^  be  the  number  of  positive  ions  per  unit  volume  at 
a  distance  x  from  the  end  of  the  oyliuder,  n  the  number  of 
negative  ions  that  enter  the  section  at  x  at  the  time  t. 
Then  the  number  that  recombine  in  the  time  dt  is 

a.v■^dx 

which  on  integration  gives 

loe  —  = I  V,  dx. 

'^n^  u  +  vjo    ' 

If  I  be  the  whole  length  of  the  cylinder,  the  integral 

v^dxis  equal  to  i^,,  and  the  number  n^  of  negative  ions 

that  come  through  the  stream  of  positive  ions  is 


Hence  the  number  of  positive  or  negative   ions  that 
recombine  is  as 


U.,r,l,z<»i.vG00gIe 
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This  number  is  independent  of  the  diatribatiou  of  the 
tlositive  ions  along  the  axis  of  the  cylinder  and  ia  a  function 
Of  the  total  number  JVj ,  and  the  relative  velocity  of  the  ions. 

In  order  to  simplify  the  calculation  in  the  practical  case 
frhere  a  number  n^  of  positive  and  negative  ions  are  gene- 
hited  initially  per  unit  volume  in  the  space  between  the 
plates,  it  will  be  supposed  that  the  negative  ions  are  at  rest 
And  that  the  positive  ions  move  with  a  velocity  u  -f  v.  .  Let 
Q/e  be  the  number  of  positive  ions  that  pass  through  unit 
Area  of  the  plane  parallel  to  the  electrodes  at  a  distance  x 
ftom  the  positive  electrode.  These  move  with  a  velocity 
ii  +  v  through  the  n^dx  negative  ions  contained  between  the 
Afro  planes  x  and  x  +  dx,  and  the  number  that  recombine  in 
6nat  space  is  kq 

■n^dxu-t    '(»+"))■ 

Thus  the  total  number  {Q  +  dQ)/e  of  positive  ions  that  reach 
tlie  plane  x  +  dx  is 


Q_,ldQ 


s  =  ~  —n„dx{\—e'<.^+'>))  +  -nfydx, 


the  latter  term  being  the  number  of  positive  ions  generated 
ihitially  in  the  layer  of  thickness  dx. 

dO  "O 

Hence  -;-  =  7i„e«    »(»+"). 

dx        " 

This  equation  on  integration  gives 

"-?<••  ^-'=J>- 

When  X  -  /,  Q  is  the  charge  that  reaches  unit  area  of  the 
llegafcive  electrode,  and  the  integral      n^dx  is  Qg/e  the  total 

dumber  of  positive  or  negative  iona,  per  unit  area  of  the 
dlecixgMs,  generated  initially  in  the  gas. 
^  a     0 

D,=,i,z<,d=vGoogIe 
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If  the  intensity  of  the  electric  field  X  be  written  X  = 
the  above  eq^oation  becomes 


b  = 

X 

'  =  1  + 

4,  A 

+K}' 

^  = 

=  Iog(l 

-'?-•) 

Langevin*  gives  the  equation  for  Q  in  this  form. 

It  has  been  assumed  in  this  investigation  that  the  velocities 
w  and  V  are  constant ;  and  therefore  the  separation  of  the 
positive  and  negative  charges  was  not  supposed  to  disturb 
the  uniformity  of  the  electric  field.  In  order  to  avoid  any 
serious  error  that  might  arise  from  that  cause  it  is  necessary 
to  estimate  the  effect  approximately,  and  to  arrange  the 
experiments  so  as  to  eliminate  as  far  as  possible  the  in- 
accuracy that  is  thus  introduced.  The  disturbance  of  the 
field  will  be  greatest  when  the  two  streams  have  just  passed 
each  other.  If  the  velocities  of  the  positive  and  negative 
ions  are  equal,  and  if  the  initial  distribution  is  uniform,  at 
that  instant  positive  ions  will  be  distributed  in  one  half  of 
the  field  and  negative  ions  in  the  other  half,  the  total 
charge  on  either  side  of  the  central  plane  being  Q/2 
approximately.  These  charges  give  rise  to  no  force  at  the 
surface  of  either  electrode,  but  they  produce  a  force  2  tiQ  in  ■ 
the  centre  of  the  field.  It  is  necessary  therefore  that  Q 
should  be  less  than  it,  and  Langevin  estimates  that  the 
coefficient  b  is  determined  to  an  accuracy  of  1  per  cent. 
when  the  ratio  Q/t  is  less  than  -25. 

In  order  to  satisfy  this  condition,  the  ele,  trie  force  4  Tsa 
must  be  lai^,  and  Q  cannot  differ  from  tLe  maximum 
charge  Q^  by  more  than  a  few  per  cent.  In  air  at  atmo- 
spheric pressure  the  quantity  b  is  of  the  order  -27,  so  that 

*  P.  Langerin,  Ann.  de  Chim.  et  de  Ph;s.  (7)  38,  p.  483,  1903 . 
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~  will  be  of  the  order  -07  and  the  equation 

on  expanding  the  exponential  term,  gives  the  following 
expression  for  Q^— Q : 

Q^  ^  2^  "*■  6^  '  appropriately- 

The  equation  shows  that  Q^^Q  is  a  small  charge  of  the 
order  of  4  per  cent,  of  the  maximum  charge. 

140.  Arrangement  of  apparatna  in  Langevin's  experiments. 
For  the  purpose  of  determining  the  small  difference  between 
two  charges  obtained  with  different  forces,  an  arrangement 
similar  to  that  illustrated  in  figure  20  was  used.  The 
apparatus  consists  of  two  pairs  of  parallel  plates :  the  insu- 
lated plates  AB  and  A'R  were  connected  together  and  to 
an  electrometer  and  the  opposite  plates  CD  and  CI/  were 
maintained  at  equal  and  opposite  potentials  +  V  and  —  V 
sufficiently  great  to  give  values  of  Q/u  of  the  required  order. 
The  apparatus  was  adjusted  so  that  the  electrometer  gave 
no  deflection  when  the  air  between  the  two  pairs  of  parallel 
plates  was  ionized  by  rays  emitted  by  a  Rontgen-ray  tube. 
The  force  on  one  side  of  the  apparatus  was  then  increased 
to  a  large  value,  and  a  quantity  approximately  equal  to 
Qq~Q  was  obtained  on  the  insulated  system  at  each  discharge 
of  the  tube.  The  charge  Qq  —  Q  is  thus  measured  directly, 
and  variations  In  the  intensity  of  the  rays  affect  the  value 
thus  found  in  the  same  proportion  as  the  measurements 
of  the  larger  charge  Q  are  affected.  Having  found  Q^  —  Q 
and  Q  by  this  means  to  the  same  order  of  accuracy,  the 
value  of  b  may  be  obtained  from  the  above  formula. 

If  Qfl,  the  charge  obtained  with  the  large  force  iirrr^,  be 
not  snJBciently  near  the  actual  maximum  M,  the  amount  by 
which  they  differ  may  be  found  from  the  equation 
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in  which   the   approximate   value   of  b  is  used.     A  more  i 
accurate  value  of  b  may  then  be  found  by  taking  M  as  the 
maximum  instead  of  Qg. 

The  coefficient  of  recombination  cx/e  may  be  found  from 
the  coefficient  b  when  the  velocities  A;,  and  k^  of  the  positive 
and  negative  ions,  under  a  force  of  one  electrostatic  unit, 
are  known  [a/e  =  iTrb(kj  +  k^]]. 

The  following  values  of  b  for  air  and  carbonic  acid  at 
various  pressures  p  are  given  by  Langeviii  * :  I 


fttmoapherei. 

b 

■20 

•01 

■49 

■06 

100 

■27 

Mi 

■62 

8-05 

•80 

500 

-90 

Carbonic  acid. 

pin 

The  third  column  in  the  table  for  air  shows  that  when  p 
is  less  than  an  atmosphere,  b  is  approximately  proportional  ' 
to  p',  and  since  the  velocities  A,  and  k^  are  inversely  pro- 
portional top,  the  coefficient  a/e  =  iTi{kj  + k^)b  is  propor- 
tional to  the  pressure. 

The  corresponding  numbers  in  the   experiments  with 
carbonic  acid  do  not  follow  this  law  so  aocurately,  but  in  , 
another  set  of  experiments  f  Langevin  gives  the  following 
values  of  b/p^ :  -62,  -50,  and  -51  for  carbonic  acid  at  pressures 
of  -5,  -74  and  one  atmosphere  respectively. 

The  coefficients  of  recombination  a/e  at  atmospheric  pres-  < 
sure  obtained  from  the  above  values  of  b  atq— 

*  P.  Langevin,  Ann.  de  Chim.  et  de  'Phjt.  (7)  33.  p.  433,  1903. 
t  P.  Langevin,  Oomptes  renduB,  187,  p.  177,  1903. 
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b        .     *,+*,  (x/'e  . 

Air  ■27  930  3200 

Carbonic  acid  -51  5S0  3400 

141.  UoCIuDg'a  determinations  of  the  rate  of  reoombina* 
tion.  Values  of  the  ooeffloieot  of  recombination  in  difEbrent 
gases.  McClung*  has  also  determined  the  ooelBcient  of 
recombination  by  another  method. 

When  ions  are  generated  by  rays  at  a  constant  rate  in 
a  gas  between  two  electrodes  at  the  same  potential,  the 
number  of  ions  per  cubic  centimetre  increases  until  the 
rate  at  which  ions  are  lost  by  recombination  is  equal  to 
the  rate  at  which  they  are  generated  by  the  rays.  A  certain 
number  of  ions  are  also  lost  by  diffusion-  to  the  electrodes, 
but  if  this  effect  be  neglected,  the  increase  in  the  number  of 
ions  per  cubic  centimetre  n/e  is  given  by  the  equation 
1  dn  _  Q      an,^ 

Q/e  being  the  number  generated  per  cubic  centimetre  per 
second  by  the  rays.    When  the  steady  state  is  reached, 

dn  ■ 

w 

from  the  maximum  value  of  n,  is 

?=s. 

e      n' 

In  order  to  determine  the  maximum  value  of  n,  ions 
are  generated  by  the  rays  for  a  certain  time  when  the 
electrodes  are  at  the  same  potential,  and  immediately  after 
the  rays  cease  to  act, a  high  electromotive  force  Vis  applied 
to  one  of  the  electrodes,  the  other  electrode  being  insulated 
and  connected  to  a  suitable  capacity,  so  that  its  potential 
should  not  rise  to  a  value  of  the  same  order  as  V.  All  the 
ions  of  the  same  sign  as  the  applied  potential  are  collected 
ou  the  insulated  electrode  and  the  charge  n  may  be  measured 
by  an  electrometer.  The  experiment  should  be  repeated 
with  the  rays  acting  for  various  times  in  order  to  find  the 
maximum  value  of  ■». 

The  quantity  Q  is  found  from  the  current  passing  through 
■  £.  E.  McClnug,  Phil.  Mag.  (6)  3,  p.  288,  1G02. 
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the  gas  while  the  raye  u-e  acting  and  a  large  potential  i 
difference  is  maintained  between  the  electrodes. 

The  value  of  a/e  found  by  this  method  for  air  at  atmo-  ■ 
spheric  preaenre  was  3384,  and  the  coefficient  was  found  to 
be  the  same  at  all  pressnres  &om  three  atmospheres  to  -125 
atmosphere.    There  is  thus  a  great  discrepancy  between  the 
results  obtained  by  the  two  methods  at  the  lower  pressures,  ' 
Langevin  having  found  the  coefScient  of  recombination  to  , 
be  approximately  800  at  a  pressure  of   125  atmosphere.     In 
the  method  used  by  McClung  the  quantity  n  is  estimated 
on  the  bypothesis  that  recombination  is  the  only  process 
taking  place  that  reduces  the  number  of  ions  in  the  gas 
before  the  electric  force  is  established  between  the  elec- 
trodes.    The  loss  of  ions  due  to  diffusion  to  the  electrodes  is 
not  considered,  and  since  the  rate  of  diffusion  is  inversely 
proportional  to  the  pressure  the  effect  rises  in  importance    ' 
as  the  pressors  is  lowered.     Also  the  relative  effects  of 
recombination    and  diffusion    depend  on  the .  density  of  , 
ionization,  since  the  loss  of  ions  due  to  recombination  is 
proportional  to  the  square  of  the  density  of  ionization,  and  ' 
the  loss  due  to  diffusion  is  proportional  to  the  density.     A 
considerable  error  may  therefore  arise  at  low  pressures, 
when  the  loss  by  diffusion  is  neglected,  and  the  effect  on 
the  final  result  would  be  accentuated,  since  a  involves  the 
&ctor  n'. 

Langevin's  experiments  are  not  subject  to  an  error  of 
this  kind,  since  the  positive  and  negative  ions  move  under 
the  electric  force  away  from  the  electrodes  charged  with 
electricity  of  the  same  sign  as  soon  as  they  are  generated, 
and  the  velocity  with  which  they  move  increases  like  the 
rate  of  diffusion  as  the  pressure  is  reduced.  His  results  at 
the  lower  pressures  are  therefore  the  more  reliable 

At  the  pressure  of  one  atmosphere  the  values  of  the 
coefficient  a/e,  as  obtained  by  the  three  methods,  are  as 
follows : 

12  3 

Air  3420  .     3200  3384 

Oiygen  3380  —  — 

C&rbonic  ticid  3500  S400  8492 

Hydrogen  8020  —  2938 


RECOMBINATION  199 

142.  Bate  of  reoombinatiOD  of  ions  generated  by  a  rays. 
Initial  reoombinatioii.  The  results  of  the  varioas  experi- 
ments are  in  good  agreement  as  iar  as  the  determinations 
at  atmospheric  pressure  are  concerned,  but  some  ezperi- 
ments  on  currents  which  are  controlled  to  a  great  extent 
by  the  process  of  recombination  indicate  that  the  rate  of 
recombination  depends  on  the  method  by  which  the  ions 
are  generated.  Thus  the  currents  obtained  between  parallel- 
plate  electrodes  with  moderate  electric  forces  are  much 
greater  when  the  ions  are  generated  by  Rontgen  rays  than 
when  they  are  generated  by  the  a  rays  from  a  radio-active 
substance,  although  the  total  number  of  ions  generated 
initially  by  the  rays  is  the  same  in  each  case.  The  number 
that  recombine  in  the  latter  case  is  larger  than  what  might 
be  expected  if  the  ions  were  generated  uniformly  between 
the  plates  and  recombination  took  place  according  to  the 
ordinary  laws. 

This  phenomenon  has  been  investigated  by  Rutherford, 
also  by  Bragg  and  Kleeman,  and  they  attributed  the  effect 
to  a  special  recombination  that  takes  place  between  the  two 
ions  that  are  generated  from  the  same  molecule.  On  this 
hypothesis  an  electron  emitted  by  a  molecule  with  a  com- 
paratively small  velocity  recedes  only  to  a  small  distance 
from  the  remaining  positively-charged  ion,  and  the  two 
ions  are  attracted  to  each  other  and  recombine  when  the 
external  electric  force  acting  on  the  gas  is  not  very  large. 
The  rate  of  recombination  would  therefore  depend  on  the 
method  by  which  the  ions  are  generated,  as  the  electrons 
would  not  be  emitted  with  the  same  velocity  from  the 
molecules,  under  the  action  of  various  types  of  radiation. 
As  the  external  force  tends  to  separate  the  two  ions  generated 
from  the  same  molecule,  the  number  of  recombinations  of 
this  kind  that  take  place  diminishes  as  the  external  force 
,  so  that  the  current  between  the  electrodes  also 


Thus  in  addition  to  the  general  recombination  that  takes 
place  between  all  the  ions  that  are  present,  which  is  pro- 
portional to  the  square  of  the  number  per  cubic  centimetre, 
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there  is  another  special  kind  of  reoombination,  proportional 
to  the  number  of  ions  that  are  generated  in  the  gas,  which 
may  become  the  principal  effect  in  some  cases. 

In  order  to  explain  the  variationa  that  have  been  observed 
in  the  currents  between  parallel  plates  it  is  necessary  to 
suppose  that  forces  of  the  order  of  1 00  volts  per  centimetre 
would  have  considerable  effect  in  stopping  the  recombina- 
tions of  the  latter  kind. 

Langevin  points  out,  eis  afi  objection  to  this  theory,  that 
if  such  recombinations  do  occur,  they  would  not  be  affected 
to  an  appreciable  extent  by  the  externa]  forces,  and  con- 
sequently there  would  be  no  noticeable  increase  in  the 
current  with  the  electric  force.  He  suggests  that  the  large 
effect  produced  by  recombination  when  the  ions  are  gene- 
rated by  a  rays  is  due  to  the  fact  that  the  gas  is  not  ionized 
uniformly,  as  there  is  a  large  concentration  of  ions  along 
the  path  of  each  a  particle.  The  number  of  ions  per  cubic 
centimetre  is  thus  very  large  in  the  narrow  columns  of  gas 
ionized  by  the  a  particles,  so  that  general  recombination 
takes  place  very  rapidly  at  first  between  positive  and 
negative  ions  in  the  same  column.  As  the  ions  diffuse 
away  from  the  track  of  the  a  particle  recombination  then 
proceeds  less  rapidly. 

An  effect  of  this  kind  would  certainly  take  place  when 
the  initial  distribution  of  ions  is  concentrated  in  narrow 
columns  in  the  gas,  and  probably  the  lai^e  electric  forces 
that  are  required  to  obtain  saturation  currents  are  due  to 
that  cause.  The  question  as  to  whether  there  is  a  special 
process  of  recombination  of  the  kind  that  was  first  suggested 
will  be  discussed  later. 

143.  Becomblnation  between  ions  generated  t^  the  buds 
01  particle.  The  evidence  in  favour  of  Langevin's  explana- 
tion is  very  conclusive,  and  experiments  show  that  there 
is  very  rapid  general  recombination  between  the  ions  gene- 
rated by  the  same  a  particle.  According  to  this  theory,  the 
ions  are  generated  in  narrow  colnmns  along  the  path  of 
each  01  particle,  where  the  number  per  cubic  centimetre  is 
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very  large,  so  that  initially  recombination  takes  place  more 
rapidly  than  wonld  be  the  case  if  the  ions  were  distribnted 
uniformly  throughont  the  gas.  Subsequently,  when  the  ions 
diffuse  through  the  gaa,  general  recombination  between 
ions  generated  by  the  different  a  particles  takes  place. 

When  the  total  ionization  is  small ,  recombination  between 
ions  in  the  same  colnmn  is  the  predominating  effect,  and 
the  number  that  disappear  from  any  colnmn  will  be  inde- 
pendent of  the  number  of  these  colnmns. 

It  is  easy  to  see  that  under  ordinary  conditions  the 
intensity  of  the  currents  between  parallel-plate  electrodes 
may  be  adjusted  so  that  an  inappreciable  number  of  ions 
will  be  lost  by  general  recombination  of  ions  produced  by 
the  different  a  particles.  For  example,  let  the  electrodes 
be  10  square  centimetres  in  area  and  3  centimetres  apart, 
one  of  the  electrodes  being  of  thin  altuninium  through 
which  the  a  particles  may  pass.  With  forces  exceeding 
20  volts  per  centimetre  the  ions  will  remain  in  the  space 
between  the  plates  for  less  than  one-tenth  of  a  second,  and 
if  the  number  of  columns  of  ions  does  not  exceed  three 
or  four  per  square  centimetre  of  the  electrodes  at  any 
instant,  ions  irom  one  colnmn  will  not  diffuse  to  another 
and  the  effect  produced  by  recombination  between  ions 
from  different  columns  will  be  inappreciable.  This  con- 
dition win  therefore  be  satisfied  if  the  total  number  of 
particles  traversing  the  gas  per  second  does  not  exceed  300. 
According  to  Rutherford's  *  measurements,  each  a  particle 
generates  1-7  x  IC  ions  along  its  trajectory  through  air,  so 
that  the  number  generated  per  centimetre  of  its  path  is  of 
the  order  2x  10*. 

Hence  if  300  particles  enter  the  space  between  the  elec- 
trodes per  second,  the  charge  on  all  the  ions  generated  in 
10  seconds  would  be  -08  electrostatic  unit,  a  quantity  which 
may  be  easily  measured  with  an  ordinary  electrometer, 

144.  Moulin's  experiments  on  the  onrrents  between  parallel 
plates.     Theoretical  investigatioD  of  the  effect  of  reoombina- 

■  E.  Rutherford,  FhiL  U&g.  (6)  10,  p.  206,  1905. 
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tion  when  the  ions  ore  cUstribated  in  oolmnns.  The  rosalts 
obtained  by  Moulin  *  in  the  experimental  study  he  has 
recently  made  of  the  subject  are  in  complete  agreement 
with  this  theory. 

When  the  electric  force  between  two  parallel  plates  is 
constant,  the  ratio  of  the  corresponding  current  to  the  masi- 
mom  current  is  independent  of  the  distance  between  the 
electrodes,  and  of  the  maximum  current,  when  that  current 
is  small. 

This  result  is  in  agreement  with  the  theory,  but  the 
experiments  which  are  most  conclusive  are  those  in  which 
it  was  found  that  the  currents  depended  on  the  inclination 
of  the  paths  of  the  a  particles  to  the  direction  of  the  electric 
&rce.  The  number  of  ions  that  reoombine,  according  to 
this  theory,  ought  to  be  greater  when  the  direction  of  the 
electric  force  is  parallel  to  the  trajectories  of  the  a-particles 
than  when  it  is  perpendicular  to  them.  In  the  first  case 
the  columnar  distribution  is  not  disturbed  by  the  motion 
of  the  ions  under  the  electric  force,  but  in  the  second  case 
the  positive  and  negative  ions  move  in  opposite  directions 
and  are  completely  separated  from  each  other  after  the  ions 
have  travelled  the  width  of  the  column. 

The  process  of  diffusion  tends  to  produce  a  uniform  dis- 
tribution of  the  ions,  and  for  this  reason  the  difference 
between  the  numbers  that  recombine  in  the  two  cases  is 
not  so  marked  as  it  otherwise  would  be.  The  experiments, 
however,  show  that  Uie  currents  between  parallel-plate 
electrodes  are  decidedly  greater  when  the  paths  of  the 
<x  particles  are  at  right  angles  to  the  direction  of  the  force 
than  when  they  are  parallel  to  the  force,  or  inclined  at  an 
angle  of  46°  to  the  force. 

The  curves  given  by  Moulin,t  figures  33  and  34,  repre- 
sent the  results  of  the  experiments  obtained  with  air  and 
carbonic  acid.  The  curves  give  the  ratio  i/I  of  the  current 
corresponding  to  a  field  X  to  the  maximum  current,  as 

*  M.  Mouliu,  Theses  presentees  k  la  FacnltS  dea  Sciences  de  P&ris, 
1910,  Gauthier-VilUrs. 
t  Moulin,  loc.  cit. 
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a  fonofion  of  tiie  intoiBitr^  of  the  field  X  which  is  measured 
in  volts  per  centimetre.  The  maximam  current  I  was  in 
each  case  10~^  electrostatic  unit.  For  each  gas  two  sets  of 
ctirves  are  given,  corresponding  to  different  scales  of  the 
electric  force.    The  corves  I  correspond  to  the  case  where 
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Fiffnre  33.    Current-electric  force  cuires  in  air  at  750  mmi.  pressure 
and  16°  C.    X  in  volta  per  centimetre. 
1.  «  rajH  perpendicular  to  the  force.     lU.  a  nijB  parallel  to  the  force. 
II.  a  rajB  at  an  angle  of  45°.  IV.  Penetrating  ra;B. 

the  rays  are  perpendicular  to  the  direction  of  the  electric 
force,  the  curves  II  to  the  case  where  they  are  at  an  angle 
of  45',  and  the  curves  III  to  the  case  where  they  are 
parallel  to  the  field.  With  hydrogen  the  effect  of  the 
initial  recombination  is  verj'  small,  and  only  very  alight 
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differences  were  observed  in  the  currenU  when  the  direc- 
tion of  the  trajectories  of  the  a  rays  was  altered. 

In  addition,  the  curves  IV,  representing  the  currents 
obtained  with  penetrating  y  rays,  producing  the  same  maxi- 
mum current  as  the  a  rays,  are  given  in  each  of  the  figures. 
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Figure  34.  Current-electrio-foree  curves  in  carbonic  acid  at  750  mmB. 
presaure  and  16°  C.     X  in  volts  per  centimetre. 
I.  «  raya  perpend ic alar  to  the  force.    lU.  a  ra;s  parallel  to  the  force. 
II.  a  ra;B  at  an  angle  of  45°.  IV.  Penetrating  ra;s. 


The  ions  in  this  case  are  produced  by  §  particles 
through  the  gas.  Each  of  these  particles  produces  a  com- 
paratively small  number  of  ions  per  centimetre  of  its  path, 
so  that  recombination  among  the  ions  generated  by  the 
same  particle  is  inappreciable. 
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Acoording  to  Geiger  and  Kovarik*  the  average  number 
of  ions  prodacad  by  a  ^  particle,  of  high  speed,  per  centi- 
metre of  its  path  in  air  at  atmospheric  pressure  ia  67.  This 
is  smaller  than  the  valae  first  given  for  that  number  by 
Durack,t  which  is  127.  The  number,  in  either  case,  is  very 
small  compared  with  the  number  produced  by  an  a  particle, 
and  in  order  to  obtain  the  same  number  of  ions  between 
the  pistes  as  when  a  rays  are  used  it  is  necessary  to  have 
a  large  number  of  ji  particles  per  square  centimetre  of  the 
gas.  In  this  case,  therefore,  general  recombination  takes 
place  between  all  iona  present,  as  the  initial  distribution  is 
practically  uniform. 

The  relative  position  of  the  four  curves  obtained  for  each 
gas  is  in  complete  agreement  with  the  theory.  Also  the 
large  effect  observed  in  carbonic  acid,  and  the  small  effect 
in  hydrogen  as  compared  with  air,  may  be  explained  by 
considering  how  the  initial  recombination  most  vary  in 
the  three  cases.  In  carbonic  acid,  the  number  of  ions 
generated  per  centimetre  by  each  a  ray  is  greater  than  in 
air,  and  the  number  generated  per  centimetre  in  air  is 
greater  than  in  hydrogen.  Also  the  rate  of  diffusion  of  the 
ions  is  different  in  the  three  gases,  being  greatest  in 
hydrogen  and  least  in  carbonic  acid.  On  this  account  the 
ions  generated  in  any  column  diffuse  into  the  surrounding 
gas  and  reduce  the  number  of  ions  per  cubic  centimetre 
in  such  a  way  as  to  diminish  the  effect  of  initial  recombina- 
tion in  hydrogen  more  than  in  air,  and  in  air  more  than 
in  carbonic  acid. 

The  currents  obtained  with  a  given  force  when  the  initial 
ionization  is  distributed  in  columns  have  been  investigated 
mathematically  by  Jaff^J 

The  differential  equation  for  the  change  of  distribution 
at  any  point  is  given  by  the  equation 

iln      „ /rf*?i      I  dv\         o 

-7-  =  A   (  ;    + )  -  O  ft^ 

at  ^  Ur'       r  dr ' 


t  J.  J.  E.  Domck,  Pbil.  Hag.  (6)  6,  p.  550, 
X  a.  iWSi,  Atm.  der  Phys.  (1)  42,  p.  808. 1913. 
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when  the  force  X  is  zero ;  the  term  in  brackets  indicates 
the  change  due  to  diffusion,  and  an^  the  loss  by  recom- 
bination. 

Hitherto  an  exact  solution  of  this  equation  has  not  been 
obtained,  but  Jaff^  shows  that,  in  this  case,  the  effect  of 
recombination  will  be  almost  the  same  if,  instead  of  con- 
sidering <x  to  be  constant,  the  quantity 

1  (a  fi!a+<^) 

is  substituted  for  a.  A  complete  solution  of  the  new 
differential  equation  is  then  found. 

When  the  electric  force  is  parallel  to  the  axis  of  the 
column,  the  time  required  to  separate  the  positive  and 
negative  ions  is  ^ 

d  being  the  length  of  the  column,  and  the  total  loss  by 
recombination  is  easily  obtained. 

The  case  in  which  the  force  is  inclined  at  any  angle  <(> 
to  the  axis  of  the  column  is  also  investigated,  and  an 
expression  is  obtained  from  which  it  is  possible  to  calculate 
the  ratio  of  the  current  corresponding  to  any  force  X  to  the 
saturation  current. 

Jaff^  represents  his  results  in  the  form  of  curves  which 
agree  very  closely  with  the  experimental  curves  obtained 
by  Moulin  for  the  cases  in  which  0  is  zero,  ir/4  and  7r/2. 

The  theory  is  also  found  to  be  in  good  agreement  with 
the  results  of  experiments  *  on  the  conductivity  produced 
by  a  rays  in  insulating  liquids  such  as  pure  hexane,  and 
also  with  some  recent  experiments  made  by  Mies  f  on  the 
conductivity  produced  by  a  and  ^  rays  in  gases  at  high 


146.  Investigation  of  the  process  of  reoombinatios.   Effect 
of  attraction  between  positive  and  negative  ions.     In  order 

*  6.  Jaff^,  Ann.  d.  Plivs.  (4)  26,  p.  282,  1908 ;  Lo  Badinm,  10,  p.  126, 
1913. 
t  Hies,  Le  Badinm,  10,  p.  186,  1913. 
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to  apply  thd  principles  of  the  kinetic  theory  of  gases  to 
obtain  a  theory  of  the  process  of  recombination  when  the 
distribntion  is  uniform,  it  is  necessary  to  take  into  con- 
sideration the  motion  of  agitation  of  the  ions  and  also  the 
motion  due  to  their  mutual  attraction  when  a  positive  and 
negative  ion  are  near  together.  The  problem  of  finding 
the  number  of  collisions  per  second  between  positive  and 
negative  ions  is  therefore  more  complicated  than  the  corre- 
sponding problem  for  uncharged  particles. 

The  latter  case  has  been  investigated  by  Maxwell,  and 
an  expression  was  found  for  the  number  of  collisions  that 
occur  between  two  sets  of  particles,  or  the  number  of  times 
per  second  a  particle  of  one  set  comes  within  a  distance 
a-  of  a  particle  of  the  other  set.  This  expression  may  easily 
be  found  from  the  formulae  given  in  section  123.  If  the 
particles  are  of  the  same  masses  as  the  ions  in  air,  then 
their  velocities  of  agitation  u.,  and  u,  may  be  taken  as 
being  approximately  9  x  10^  and  1-6  x  10*  centimetres  per 
second ;  for  if  the  diameter  of  the  positive  ion  be  three 
times  the  diameter  of  a  molecule,  and  the  diameter  of  a 
negative  ion  twice  that  of  a  molecule,  their  masses  will  be 
respectively  twenty-seven  times  and  eight  times  the  mass 
of  a  molecule,  and  the  corresponding  velocities  of  agitation 
will  be  approximately  l/5th  and  l/3rd  of  the  velocity  of 
agitation  of  a  molecule  of  air.  Hence  if  the  electric  forces 
between  positive  and  negative  ions  be  neglected,  the  num- 
ber of  occasions  during  the  time  bt,  in  which  the  distance 
between  a  positive  ion  and  a  negative  ion  will  be  less 
than  ^,  is  ,r<rVV  +  V  "l"»«'. 

n,  and  n^  being  the  number  of  positive  and  negative  ions 
per  cubic  centimetre. 

If  the  radius  of  a  molecule  of  air  be  taken  as  1-i  x  10~" 
centimetre,*  a  collision  between  a  positive  and  a  negative 
ion  will  occur  when  v  is  five  times  the  radius  of  a  molecule. 
Substituting  7  x  10~*  for  a  in  the  above  formula,  and  for  u, 

*  J«Biu,  Dynamical  Tbeoij  of  Gosea,  p.  251. 
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and  Uj  the  values  obtained  above,  the  number  of  collisions 
that  occur  in  the  time  S(  becomes 

2-7X  10-^°  nin^ht. 

The  number  of  ions  that  recombine  in  the  time  8^  is 
an^n^bt,  where  a  =  3400  xe,  80  that  if  e,  the  charge  on  an 
ion,  be  taken  as  i-5  x  10"'"  electrostatic  unit,  the  number 
that  recombine  is     i-6xI0"*X7i  n  bt. 

It  thus  appears  that  the  number  of  collisions  that  actually 
occur  between  positive  and  negative  ions  is  a  quantity  of 
a  much  larger  order  than  the  number  of  collisions  between 
uncharged  particles  of  the  same  size  and  maas. 

It  is  therefore  necessary  to  consider  the  effect  of  the 
electric  attraction  between  positive  and  negative  ions  as 
well  as  the  motion  of  agitation,  and  the  most  satisfactory 
method  of  proceeding  is  to  apply  the  general  equations  of 
motion  to  investigate  the  movement  and  the  distribution 
of  ions  of  one  sign  at  various  distances  from  an  ion  of 
opposite  sign.  Since  the  equations  do  not  apply  for  large 
electric  forces  such  as  are  obtained  at  points  very  near  an 
ion,  it  will  be  supposed  that  a  small  sphere  snrrounds  the 
ion  and  the  number  of  ions  of  opposite  sign  that  come 
within  various  distances  of  it  may  be  determined. 

IW.  Investigatios  of  currents  converging  on  a  eplierioal 
electrode.  The  process  of  recombination  may  be  investi- 
gated by  finding  an  expression  for  a  current  to  a  spherical 
electrode  of  radius  a,  at  a  potential  S/a ;  since  the  current 
is  proportional  to  the  number  of  ions,  of  opposite  sign  to 
the  charge  E,  that  collide  with  the  sphere. 

Let  the  charge  E  be  positive  and  let  the  number  of 
negative  ions  (n  per  cubic  centimetre)  be  small,  so  that  the 
forces  X,  F,  and  Z  acting  on  the  ions  will  be 

d  /A\      d  /E\        J    d  /E\ 
dx^r''   dy^r''  ds^r' 

respectively,  r  being  the  distance  of  any  point  from  the 
centre  of  the  sphere. 


DiailizodbvGoOgle 


RECOMBINATION 


The  general  equations  of  motion  given  in  Section  8S 
may  be  written 


nu  =—K  -^  -i-  TikX, 
ax 


dz 

K  being  the  cx>efficient  of  diffnaion,  and  k  the  velocity  due 
to  unit  electric  force. 

It  will  be  supposed  that  no  ions  are  generated  in  the 
field  under  consideration,  the  supply  being  maintained  from 
an  external  source  by  a  stream  converging  on  the  electrode. 
In  that  case,  when  the  steady  state  ia  reached,  the  equation 
of  continuity  becomes 

j^(»„)+3^(».)+,-5(»w)  =  0; 

and  on  substituting  for  nu,  nv,  and  nw  their  values  given 
by  the  equations  of  motion,  the  equation  for  n  becomes 

r^rT9       7  T'''*     ^ /^\      (in     d  fE^      dn     d.En     „ 

-*:v.»+t[- ._,-(.-)  + J- .  j^(-)  +  jj  .  j^(_)J  =  0, 

or,  since  u  is  a  function  of  the  distance  r, 

K  d  ,  2  (in-.      ^g(.c'  +  y +  8^)  dn  _  F. 
r-  dr^    dr'  r*  dr 

Hence  K  ^(r-p)  +  kn'^  =  0. 

ar^    dr'  dr 

The  integral  of  this  equation  is 

n  =  Ci  +  ^ae^, 
r^  and  e^  being  arbitrary  constants,  and 

r  =  ^=  I-23xlO*x£'. 

Since  the  sphere  discharges  the  ions,  the  number  per 
cubic  centimetre  in  the  neighbourhood  of  the  surface  is 
very  small  compared  with  the  number  in  other  parts  of 
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the  field,  hence  n=  0  when  r  =  <x,  and  by  means  of  this 
condition  one  of  the  constants  may  be  eliminated  and  the 
value  of  71  becomes 

»  =  c.[.-/('-^)J. 

Let  Tig  be  the  valae  of  n  when  r  is  large  compared  with  a, 

then  c,=      "°    ^- 

The  current  i  flowing  across  unit  area  of  the  surface  bf 
the  sphere  of  radius  r  is  given  by  the  equation 

i  _,y  dn      knE  _  kEcj 
e  ~      dr  j.i     ~    yi    • 

and  the  total  number  of  ions  I/e  that  reach  the  electrode 

per  second  is 

i-akEc-i  = 5, 

Since  c  represents  the  quality  1-23  x  10*  x^,  the  valne  df 
c/a  is  4 1  TK„  where  W^^  is  the  potential  of  the  electrode 
in  volts. 

If,  therefore,  the  potential  of  the  electrode  exceeds  that    , 
of  the  surrounding  space  by  more  than  an  eighth  of  a  volt 

the  quantity  <  "  may  he  neglected  in  comparison  with 
unity,  and  c,  may  be  taken  as  being  equal  to  n^.  The 
current  to  the  electrode  /  then  becomes  i-skEn^^e,  which  is 
proportional  to  the  charge  E  and  is  independent  of  the 
radius  of  the  sphere. 

Also,  since  the  quantity  { -}  is  proportional  to  the  fell 

of  potential  lf'„  — If^  ^^om  the  electrode  to  a  point  at  a 
distance  r~a  from  the  surface,  the  value  of  n  is 

Hence  the  valne  of  n  is  practically  constant  and  equal 
tongdt  points  where  the  potential  differs  from  that  of  the 
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stirface  by  more  than  -126  volt.  At  points  nearer  the  snr- 
fttce  the  density  n  diminishes,  and  when  the  potential  fall 
ffom  the  electrode  is  -025  volt  the  density  is  «o(l —«"'). 
This  result  is  independent  of  the  radios  of  the  sphere  and 
a^iplies  to  a  stream  of  ions  approaching  a  plane  eleotroda 

For  small  potentials  the  quantity  <  "  cannot  be  neglected 
atld  the  general  expression  for  the  current  must  be  used, 
namely,  /  ^    j-nkPJn^ 

e  "         _*  f ' 
1-t    K  " 
Id  this  case  when  E  is  constant  the  current  increases  with 
the  radius  of  the  electrode. 
In  the  limit  when  E  is  very  small  the  denominator  of  the 

above  traction  becomes  -rr  — ,  and  the  current  is  then 

K  a  ' 

I  =  iv  Kn^  ae. 
This  is  the  difiusion  current  representing  the  number  of 
iohs  that  come  into  contact  with  an  uncharged  electrode 
wken  the  distribution  is  given  by  the  formula 

71  =  «.„(l ^• 

147.  Difl^ision  ourrenta  oonvGrging  on  small  iplierical 
condnotora.  The  above  results  have  been  obtained  on  the 
assumption  that  the  number  of  ions  in  the  immediate 
neighbourhood  of  a  sphere  is  so  small  compared  with  n^  that 
n  may  be  taken  as  zero  when  r  =  a.  When  the  radius 
of  the  sphere  is  small  compared  with  the  mean  free  path 
of  the  ions  it  has  very  little  effect  on  the  distribution  in  its 
neighbourhood,  since  the  number  ita^v^u  that  strike  it  per 
second  diminiahes  as  the  square  of  the  radium ;  u  being  the 
velocity  of  agitation  of  the  ions.  The  investigations  of  the 
preceding  section,  in  which  the  number  that  strike  a  large 
sphere  was  found  to  be  iirKn^a,  do  not  apply  to  small 
spheres,  and  it  is  necessary  to  make  a  more  general  investi- 
gation so  as  to  include  cases  in  which  a  ia  small  compared 
with  the  mean  free  path  L. 
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In  general,  let  v  be  the  number  of  ions  per  cubic  ceuti*     ' 
metre  at  the  surface  of  the  sphere,  and  tIq  ^^^  constant 
diatribution  at  a  long  distance  from  the  sur&ce.     Con-    ' 
sidering  first  the  case  in  which  the  sphere  is  uncharged,  the 

equation  for  n  becomes  -=-(i^-p^)=  o,  which  on  integra- 
tion gives  n  —  n^ — —  •    The  difiiision  current  per 

unit  area  of  the  sphere  is  i  =  — --"-7— —  ^^^  the  total 
number  of  ions  that  collide  with  the  sphere  per  second  is 
4irK'a(«o-i')- 

Another  expression  for  the  number  of  ions  that  collide 
with  the  sphere  may  be  obtained  from  Maxwell's  formula,  < 
which  shows  that  the  number  of  uncharged  particles  that 
collide  with  a  sphere  per  second  is  Tta^n'u,  tJ  being  the 
number  of  particles  per  cubic  centimetre  at  the  surface,  and 
u  the  velocity  of  agitation.  The  number  n'  includes  those  , 
particles  which  are  moving  away  from  the  sphere  after 
colliding  with  it,  so  that  only  one-half  of  the  uncharged 
particles  near  the  surface  are  moving  towards  the  sphere  at 
any  instant,  with  a  mean  velocity  v/2  in  tlte  direction  of 
the  normal. 

In  the  case  of  the  diffusion  of  ions,  the  distribution  is  not 
uniform,  and  at  the  surface  there  are  no  ions  in  the  gas  I 
moving  away  from  the  sphere,  since  they  become  discharged 
by  colliding  with  the  sphere.  In  order,  therefore,  to  apply  ■ 
the  formula  wa'n'tt  to  the  case  of  the  diffusion  of  ions  the 
quantity  n'  must  be  taken  as  the  number  per  cubic  centi- 
metre at  a  short  distance  A  from  the  sarface  where  thn 
iona  are  moving  in  all  directions.  The  length  h  may  bo 
taken  as  2Z/3  or  2K/u,  which  is  the  mean  value  of  the 
projections  on  the  normal  of  the  free  paths  that  are  termi- 
nated by  the  sphere. 

When  the  ions  are  diflusing  towards  the  spherical  con- 
ductor, the   distribution   w    is  given   by  the   expression 

11  =  7),, 5_ ^  80  that  at  the  distance  h  from  the  sur- 
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face  the  value  of  m  ia  {n^h  +  va)/{a  +  k),  and  the  number 
that  collide  with  the  surface  is 

Equating  this  number  to  the  number  iifKaln^  —  v), 
obtained  by  the  previous  calculation,  the  following  relation 
between  v  and  n^  is  obtained  : 

iK(a  +  h)-auh. 

When  a  is  small  compared  with  the  path  L,  a  may  be 
neglected  in  compariaon  with  h  and  the  equation  for  Vg—e 


auhn.      auTia 

which  is  independent  of  k,  and  the  number  that  collide 
with  the  sphere  is 

A.iiKa{n^—v)  =  tto'tIoI*. 
When  a  is  large  compared  with  h  the  value  of  v  becomes 

„  =  n       The  distance  h  may  be  aasomed  to  be 

2L/Z,  80  that  V  = Wn,  and  since  for  negative  ions  in  air 

It  =  1-5  X  10*  and  K  =  -045,  the  value  of  n  is  -03  n^  when 
a  =  10*  centimetre.  For  spheres  of  larger  radii  v  may  be 
neglected  in  comparison  with  Tig  and  the  number  of  iona 
that  collide  with  the  sphere  becomes  A-aKaitg,  as  above. 

The  interpretation  of  these  results  as  applied  to  a  sphere 
surrounded  by  a  uniform  distribution  of  uncharged  par- 
ticles that  rebound  from  the  surface  is  as  follows:  When 
the  steady  state  is  reached,  the  number  of  different  particles 
that  collide  with  the  sphere  per  second  ia  AiiK{nf,—v)a,  the 
number  irnga^u  is  the  total  number  of  collisions  per  second 
with  the  sphere,  and  their  ratio  awn^/4.K['nf^~y)  is  the 
average  number  of  collisions  made  by  each  particle  that 
collides  with  the  sphere  before  it  diffuses  out  into  space 
or  comes  into  contact  with  the  outer  boundary  of  the  gas. 
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lis.  Current  coorerging  on  a  smsll  oharged  sphere.  When 
a  current  /  flows  towards  a  sphere  with  a  charge  E,  the 
number  of  ions  per  cubic  centimetre  in  the  gas  being  v 
at  the  surface  and  n^  at  points  remote  from  the  sphere, 
the  current  is  given  by  the  expression 

I  _  ii:kE(t>„-v(~^) 


Since  the  investigation  is  of  interest  in  connection  with 
the  problem  of  recombination,  the  charge  may  be  taken  as 
being  equal  to  the  atomic  charge  e,  and  in  that  case  the 
constant  c  becomes  5-6  x  10".  When  a  is  small  of  the 
order  10"'  centimetre,  the  exponential  terms  in  the  above 
expression  may  be  neglected  and  the  value  of  /  is  inde- 
pendent of  the  quantity  i.'. 

In  order  to  determine  the  values  of  /  for  larger  values  of 
a,  it  will  be  assumed  that  the  ions  that  collide  with  the 
sphere  approach  the  surface  with  a  mean  normal  velocity 


The  number  I/e  that  collide  with  the  sphere  per  second 

is  then  iira^v(:z  +  —^),  and  by  equating  this  expression  to 

that  given  above,  the  following  equation  to  determine  v 
is  obtained : 

the  values  of  the  constants  being 

6  =  iBx  10-'",  u=  1-5x10*,  and  k  =  550 
for  negative  ions  in  air  at  atmospheric  pressure,  and 
c=  5-5  xlO-^ 
The  values  of  I/e  may  thus  be  found  for  large  spheres  of 
radii  exceeding  10"'  centimetre,  and  an  approximate  value 
o£  I/e  may  he  found  when  a  =  10''  centimetre. 
The  number  of  negative  ions  that  come  within  a  given 
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distance  of  a  poHitive  ion  may  be  determined  from  the 
above  formula.  If  the  positive  ion  is  at  rest,  the  namber  of 
negative  ions  that  come  within  the  distance  a  is  the  same 
as  the  number  I/e  that  would  collide  with  a  sphere  of  radius 
a,  the  charge  on  the  sphere  being  equal  to  the  atomic 
charge.  When  the  volume  of  the  sphere  is  small  compared 
with  1/n^  it  is  improbable  that  two  negative  ions  will  be  in 
the  neighbourhood  of  the  sphere  at  the  same  time,  so  that 
the  force  acting  on  any  negative  ion  near  the  sphere  may 
be  taken  aa  e'/r*.  This  condition  will  therefore  be  satined 
if  u  is  less  than  10'^  centimetre,  since  the  number  of  ions 
per  cubic  centimetre  does  not  exceed  10*  in  most  cases. 

The  values  of  -  .  — , are  (riven  in  the  second  oolomn 

e     iTiknf,e        ° 

of  the  following  table.  The  number  corresponding  to  any 
distance  a  is  proportional  to  the  number  of  negative  ions 
that  come  within  that  distance  of  a  iixed  positive  ion. 

In  the  third  column  the  quantity  D  represents  the  number 
that  come  within  the  distance  a  of  an  uncharged  fixed 
point,  by  the  process  of  diffiision,  namely, 

The  numbers  corresponding  to  the  radii  10"*  and  10""  were 
calculated  by  use  of  the  formula  v  =  2K/{2K-\-au),  which 
is  obtained  on  the  same  hypothesis  as  that  on  which  the 
values  of  v  were  determined  in  the  expression  for  /.  The 
number  given  for  the  radius  10"*  was  found  from  the 
expression  given  in  the  preceding  section  for  the  quantity 
{ug  —  p)  when  au.  is  small  compared  with  iK,  that  is, 
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A  comparison  between  the  numbers  in  the  two  colunma 
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allows  that  tite  number  of  ions  that  come  within  the 
dietance  10"*  oentimetre  of  a  poaitive  ion  is  practically 
the  aame  as  the  number  that  arrive  within  that  distance 
of  an  uncharged  centre  by  the  process  of  diffosion.  The 
electric  force  has  therefore  very  little  effect  on  the  motion 
of  the  ions  outside  the  sphere  of  radius  10~*  centimetre. 
At  the  distance  10"*  centimetre  the  electric  force  becomes 
distinctly  appreciable,  and  the  number  that  come  within 
the  distance  10"^  centimetre  is  about  seventy  times  as  great 
as  the  number  that  would  come  within  that  distance  by  the 
process  of  diffusion. 

There  is  a  limit  to  the  distances  for  which  the  formula 
for  the  number  //e  may  be  used,  since  the  electric  force 
increases  rapidly  as  the  radius  a  diminishes.  The  mean 
free  path  of  an  ion  in  air  at  atmospheric  pressure  is  of  the 
order  10"^  centimetre,  so  that  in  traversing  the  distance 
from  a  =  2  X  10"^  to  u  =  10"centimetre  it  would  acquire 
under  the  electric  force  a  velocity  of  the  same  order  as  the 
velocity  of  agitation.  The  ordinary  equations  of  motion 
are  not  accurate  under  these  conditions,  and  it  would  be 
necessary  to  consider  the  accelerations  of  the  ions  in  order 
to  estimate  the  probability  that  a  negative  ion  would  con- 
tinue to  approach  the  charged  centre  when  the  distance 
10°  is  attained. 

149.  Bate  at  which  ions  of  opposite  sign  approach  each 
other.  Wiien  the  positive  ion  is  free  to  move,  the  numbers 
in  the  above  table  are  all  increased  approximately  in  the 
same  proportion  by  the  factor  (ft,  +  k^/k.  Hence  if  there  be 
It,  positive  and  n^  negative  ions  per  cubic  centimetre  in  air 
at  atmospheric  pressure  the  number  of  ions  of  one  sign  that 
come  within  the  distance  10"*  centimetre  of  an  ion  of 
opposite  sign,  or  the  number  of  encounters  that  take  place 
at  that  distance,  in  the  time  ht  is 

4ir(4i  +  i2)e»injB(x  17. 

Substituting  for  k^  +  k^  the  value  930  (the  sum  of  the 
velocities  of  positive  and  negative  ions  under  unit  electro- 
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static  force  in  air   at    atmospheric  pressure)    the  above 
expression  becomes 

l-2x  10'xen,iig»(xl7. 

The  number  that  recombine  in  the  time  it  as  found 
experimentally  is 

3-4  X  lO^xeiiiTijSf. 

Hence,  before  an  ion  recombines,  about  sixty  ions  of 
opposite  sign  may  come  within  the  distance  10*  centi- 
metre, and  on  an  average  six  of  these  approach  within  the 
distance  10''  centimetre. 

Langeyin  has  investigated  the  problem  of  recombination 
by  a  simpler  method,  in  which  the  effect  of  difiuaion  is 
neglected,  and  found  that  the  quantity  4ir(A,  +  fcj)ejii'njBi 
represents  the  number  of  collisions  between  ions,  and  ix 
independent  of  the  distance.  He  concludes  that  this  number 
is  the  npper  limit  of  the  number  of  possible  recombinations, 
and  the  ratio  (x/4-n{k^  +  k^)e  has  been  defined  as  the  ratio  of 
the  number  that  recombine  to  the  number  that  come  into 
collision. 

A  very  simple  result  is  thus  obtained,  but  it  is  impossible 
on  this  theory  to  explain  why  all  encounters  do  not  result  in 
recombination.  For  if  the  number  of  encounters  at  the 
distance  a  is  equal  to  the  nnmber  for  a  smaller  distance  a' 
then  every  pair  of  ions  that  are  within  the  distance  a  must 
approach  each  other  until  they  reach  the  distance  a'.  They 
could  not  subsequently  move  apart,  if  they  move  towards 
each  other  with  the  velocity  {k^  +  k^e/r^  in  the  space 
between  the  spheres  of  radii  a  and  a',  and  eventually  they 
would  recombine. 

It  may  be  seen  from  the  above  investigation  that  as  the 
distance  a  diminishes,  the  effect  of  the  electric  force  becomes 
large  compared  with  the  effect  of  diffusion,  and  if  the 
ordinary  equations  of  motion  apply  to  very  small  values 
of  a,  the  quantity  I/e  assumes  the  constant  value  iithen^. 
But  the  effect  of  diffusion  may  be  neglected  only  when 

c    "  is  small  compared  with  unity,  and  since 

D,=,i,z<,d=vGoogIe 
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«=|  =  5.5x,o-., 

the  distances  at  which  //e  can  become  constant  are  of  the 
order  10"'  centimetre. 

In  general,  the  equations  of  motion  that  have  been  used 
for  the  above  calculations  do  not  apply  to  distances  of  this 
order,  since  the  velocities  of  the  ions  in  gases  at  atmo- 
spheric pressure,  due  to  the  force  e/r^,  is  as  great  as  the 
velocity  of  agitation  when  r  =  lO"*  centimetre.  Hence  it 
is  only  when  the  pressure  is  very  high  that  the  number  of 
encounters  caji  be  taken  as  being  independent  of  the 
distance,  and  in  that  case  a  becomes  equal  to 

4  IT  (^j  +  tj)  e. 

150.  Beoombination  in  an  electric  field.  The  question  as 
to  whether  the  coefQcient  of  recombination  is  the  same 
when  the  ions  are  in  an  electric  field,  as  when  no  external 
forces  are  acting,  may  be  considered  by  estimating  the 
effect  of  an  increase  in  the  relative  motion  of  the  positive 
and  negative  ions  on  the  number  of  encounters  that  take 
place  between  them.  The  external  force  X  produces  an 
average  relative  velocity  Uj  +  u^  =  (ki  +  k^)X,  and  if  this 
Telocity  is  small  compared  with  the  velocity  of  agitation  V, 
the  effect  of  the  electric  force  will  be  the  same  as  if  the 
velocities  of  agitation  were  increased  in  the  proportion 
1  H-uysF^,  u  standing  for  either  «,  or  u^.  If  the  force  X  is 
less  than  300  volts  per  centimetre,  the  ratio  nysK*  will  be 
less  than  1/700,  so  that  forces  of  that  order  would  not 
alter  the  coefficient  of  recombination  to  an  appreciable 
extent 

The  same  result  follows  from  the  experiments  at  atmo- 
spheric pressure,  since  the  coefficient  of  recombination  in 
an  electric  field,  as  found  by  Langevin's  method,  is  prac- 
tically the  same  as  the  coefficients  found  by  the  other 
methods  where  no  electric  force  is  applied  while  recombina- 
tion takes  place. 

Also  it  appears  from  these  considerations  that  an  external 
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field  of  the  order  of  100  volts  per  centimetre  can  have 
practically  no  effect  in  altering  the  probability  of  recombina- 
tion between  a  negative  ion  and  the  positive  ion  from  which 
it  waa  originally  separated. 

When  ionization  takes  place  by  the  emission  of  an  electron 
from  a  molecule,  the  former  may  travel  through  a  small 
distance  without  colliding  with  another  molecule,  and 
return  to  the  original  positive  ion  after  having  reached 
a  maximum  distance  r. 

The  initial  kinetic  energy  corresponding  to  the  distance  r 

is  6*  (-; ) ,  r,  being  the  radius  of  a  molecule ;  hence  if 

the  electron  comes  to  rest  under  the  force  of  attraction 
at  a  distance  exceeding  10~'  centimetre,  the  initial  kinetio 

eoergy  lies  between  the  values  ^/r.^   and   e^  { lO'V 

Taking  the  radins  of  a  molecule  of  air  to  be  1>4  x  IO~^centi< 
metre,  the  limiting  values  of  the  initial  kinetic  energy  are 

—  and  — (i-i-4xl0^»). 

Since  these  limifs  are  so  narrow  it  is  very  improbable  that 
the  initial  energy  of  any  considerable  number  of  the 
electrons  will  lie  between  them,  and  for  the  large  majority 
of  cases  it  may  be  assumed  either  that  the  trajectories  are 
very  short,  or  that  the  electron  collides  with  molecules  and 
a  negative  ion  is  formed. 

In  the  first  case  the  electric  field,  due  to  the  force  e/t^ 
towards  the  positive  ion,  is  of  a  high  intensity,  so  that  an 
additional  force  of  the  order  of  100  volts  per  centimetre  in 
a  fixed  direction  will  have  no  appreciable  effect  on  the 
chance  of  recombination  taking  place. 

In  the  second  case,  when  a  negative  ion  is  formed,  moving 
with  a  velocity  of  agitation  in  thermal  equilibrium  with 
the  Burronnding  molecules,  it  may  at  first  be  only  a  short 
distance  from  the  particular  positive  ion  from  which  it  was 
separated  originally,  but  the  probability  of  its  recombiuing 
is  not  affected  by  the  external  force.     lu  air  at  atmospheric 
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pressure  the  probability  that  recombination  will  take  place 
between  two  ions  is  about  1 ;  60  when  they  are  at  a  distance 
apart  equal  to  10"*  centimetre,  so  that  even  if  all  the  negSr- 
tive  ions  were  formed  at  aueh  short  distances  from  the 
particular  positive  ions  from  which  they  were  originally 
separated,  there  would  be  no  remarkable  increase  in  the 
coefQcient  of  recombination. 


bv  Google 


CHAPTER    VII 

THE  FORMATION   OF  CLOUDS  AND  THE  DETER- 
MINATION  OF  THE  ATOMIC  CHARGE 

161.  Conditions  under  which  olonda  are  formed.  The 
formation  of  clouds  in  gases  by  the  condensation  of  vapour 
takes  place  under  variooa  circumstances,  but  one  condition 
which  facilitates  the  process  of  condensation  in  a  remarkable 
manner  ia  the  presence  of  small  particles  such  as  dust  or 
the  closters  of  molecules  that  form  round  ions.  These 
pEutides  may  be  so  small  as  to  be  invisible,  but  they  act  as 
nuclei  round  which  vapour  condenses,  and  as  they  grow  in 
size  they  become  sufficiently  large  to  produce  a  visible 
cloud  in  the  gas.  Generally  it  is  necessaiy  to  have  the 
vapour  supersaturated  before  condensation  takes  place  on 
the  small  partiolee,  and  this  state  may  be  obtained  either  by 
a  steam  jet  or  by  cooling  a  saturated  gas  by  an  adiabatic 
expansion.  In  some  cases  cooling  by  expansion  is  not 
required  and  clouds  are  produced  in  the  presence  of  unsatu- 
rated vapour.  For  example,  when  moist  phosphorus  oxidizes 
in  air,  a  cloud  is  formed  which  may  be  removed  by  bubbling 
the  gas  through  sulphuric  acid,  but  the  cloud  appears  again 
if  the  air  is  passed  into  a  vessel  containing  water.  The 
same  effect  is  obtained  from  newly  prepared  gases  given  off 
from  acid  solutions.  In  many  cases  these  gases  become 
cloudy  in  appearance  when  they  are  passed  into  a  vessel 
containing  water,  but  the  cloud  disappears  almost  com- 
pletely when  the  gas  is  dried.  The  particles  on  which  the 
moisture  condenses  in  these  cases  probably  contain  a  large 
percentage  of  acid,  or  other  substance  soluble  in  water, 
which  absorbs  the  moisture  irom  the  surrounding  gas,  and 
the  drop  continues  to  grow  until  the  solution  of  which  it  is 
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composed  becomes  so  dilute  that  the  vapour  pressure  outside 
the  drop  is  in  equilibrium  with  the  vapour  pressure  in 
the  gas.  A  stable  cloud  which  does  not  evaporate  at 
ordinary  temperatures  is  thus  obtained. 

When  the  particles  in  the  gas  are  ordinary  dust  particles, 
or  contain  only  a  very  small  quantity  of  a  substance  soluble 
in  water,  the  gas  must  be  supersaturated  in  order  to  obtain 
condensation,  the  degree  of  supersaturation  required  depend- 
ing on  the  size  and  nature  of  the  particles. 

162.  E£Ebct  of  small  particles  obserred  by  Conlier  and 
Aitken.  If  ordinary  air  is  compressed  in  a  vessel  containing 
water,  a  cloud  is  formed  when  the  air  becomes  saturated  and 
is  allowed  to  expand  rapidly.  This  effect  was  observed  by 
Coulier,*  and  he  found  that  it  was  due  to  the  dust  that  was 
present  in  the  air  of  the  room,  for  when  the  vessel  was  filled 
with  air  that  had  been  filtered  through  cotton-wool  no  cloud 
was  formed  when  the  expansion  took  place.  Coulier  also 
found  that  after  the  dust  was  removed  clouds  were  again 
obtained  by  expansion  if  a  small  hydrogen  flame  bums  in 
the  air  for  a  short  time,  or  if  a  platinum  wire  in  the  air  is 
raised  to  a  high  temperature.  The  effect  produced  by  the 
flame  or  the  hot  wire  was  also  removed  by  filtering  the  air 
through  a  tube  containing  cotton-wool. 

Similar  results  were  obtained  by  Aitkenf  in  a  series  of 
experiments  in  which  two  jets  of  vapour  were  directed  into 
two  vessels,  one  containing  ordinary  air  and  the  other  air 
that  had  been  filtered  through  cotton-wool.  It  was  found 
that  the  first  becomes  filled  with  a  cloud  when  the  vapour 
enters  the  vessel,  but  in  the  second  the  air  remains  clear  and 
transparent.  If  the  cloud  is  allowed  to  fall,  some  of  the  dust 
particles  are  removed,  but  many  remain  in  the  gas,  for  when 
the  steam  jet  is  admitted  the  second  time  another  cloud  is 
formed.  Several  such  experiments  may  be  made  with  the 
same  gas,  the  cloud  becoming  less  dense  each  time,  and  even- 
tually only  a  few  drops  are  formed,  which  may  be  seen  to 

*  M.  Coulier,  Journal  de  Fharmacie  et  de  Chiinie,  22,  pp.  165  and  254, 
1875. 
t  John  Aitken,  Trane.  Roj.  Soc.  of  Edio.  30,  p.  337,  1880-1. 
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fall  like  fine  rain-drops.  The  experiments  may  also  be  made 
with  a  vessel  connected  to  an  air-pnmp  and  provided  with 
a  tube  with  a  stop-cock  through  which  filtered  air  may  be 
admitted  to  the  vessel.  A  small  quantity  of  water  is  kept  in 
the  vessel  to  saturate  the  air,  uid  whea  the  stop-cock  is 
closed  supersaturation  is  obtained  by  reducing  the  pressure 
of  the  air  with  the  pump. 

When  ordinary  air  was  osed  a  cloud  was  formed,  but 
when  the  vessel  was  filled  with  air  that  had  been  introduced 
through  a  tube  containing  cotton- wool  no  cloud  was  produced 
on  expansion. 

A  cloud  may  also  be  produced  by  either  of  these  methods 
with  air  coming  from  a  gas  fiame,  when  both  the  gas  and 
the  air  have  been  freed  from  dust  before  combustion  takes 
place.  The  particles  on  which  the  vapour  condenses  are 
therefore  produced  in  the  flame. 

1S3.  Effoct  of  lai^  ions  obtained  from  flames.  It  has 
already  been  shown  that  the  ions  generated  by  a  flame  or 
hot  wire  increase  in  size  as  the  gas  cools,  and  thus  act  as 
nuclei  on  which  the  moisture  tends  to  condense. 

The  velocity  of  these  ions  under  a  force  of  one  volt  per 
centimetre  is  of  the  order  -01  centimetre  per  second,  so  that 
they  are  much  larger  than  the  positive  ions  generated  by 
Rdntgen  rays,  which  move  with  a  velocity  of  1-46  oentimetre 
per  second. 

It  follows  from  the  expression,  obtained  in  Section  85,  for 
the  velocity  U  oi  a,  charged  particle  moving  through  a  gas 
under  a  force  X,  that  the  velocity  ia  inversely  proportional 
to  the  square  of  the  diameter  of  the  particle  when  it  is  large 
compared  with  a  molecule  of  the  gas.    The  ezpresaion  for 

the  velocity  ia  U=  —  .T,  T  being  the  interval  between  col- 
lisions with  molecules  of  the  gas,  and  since  the  mass  of  the 
particle  is  large  compared  with  a  molecule,  m  in  this  case  is 
the  mass  ofa  molecule  of  thegaa.  Also  T=  l/ira^jiw, «  being 
the  velocity  of  agitation  ofa  molecule,  n  the  number  of  mole- 
cules per  cubic  centimetre,  and  a  the  sum  of  the  radii  of 
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the  particle  and  a  molecale.  Hence  the  velocity  is  inversely 
proportional  to  a",  and  since  the  radius  of  a  positive  ion 
generated  in  air  by  Bontgen  rays  is  abont  3-5  r,  where  r  is 
the  radios  of  a  molecule,  the  radios  of  an  ion  in  air  obtained 
from  a  flame  or  a  hot  wire  is  of  the  order  50r.  The  large 
ions  are  very  efScient  as  nuclei  for  the  condensation  of  water, 
and  the  degree  of  supersaturation  required  in  order  to  obtain 
a  ctood  in  air  contAining  some  of  these  ions  is  easily 
obtained. 

164.  Condensation  on  ions  flrom  a  point  discharge.  The 
simultaneous  appearance  of  ions  and  nuclei  on  which  moisture 
tends  to  condense  occors  in  many  experiments,  and  the 
phenomenon  is  well  illustrated  by  the  observations  made  by 
E.  von  Helmholtz  *  Rioharz,t  and  other  experimenters  on 
the  effect  of  an  electric  discharge  from  a  metal  point  at 
a  high  potential  in  air  on  the  appearance  of  a  steam  jet. 

When  water  vapour  is  expelled  in  the  form  of  a  jet  from 
a  narrow  orifice  into  the  air  it  presents  the  well-known 
appearance  of  a  greyish  clood.  The  exact  form  of  the  jet 
depends  on  the  velocity  of  the  vapoor  and  various  other 
circomstances,  but  in  general  appearance  the  coloor  does 
not  alter  under  normal  conditions.  If  a  metal  point  con- 
nected with  an  electrostatic  machine  be  brought  near  the 
orifice  the  appearance  of  the  jet  alters  in  a  remarkable 
manner  when  an  electric  current  passes  through  the  vapoor. 
B.  vou  Helmholtz  observed  that  the  jet  appears  to  be  bloe 
when  a  large  quantity  of  electricity  escapes  from  the  point, 
which  indicates  the  formation  of  a  large  nomber  of  small 
drops  of  uniform  size. 

If  the  current  from  the  electrified  point  diminishes,  the 
blue  becomes  tinged  with  white,  which  shows  that  larger 
drops  are  produced ;  then  purple,  red,  yellow,  and  green 
tints  appear,  and  finally,  when  the  current  is  very  small, 
pale  blue  of  a  higher  order  (of  diffraction)  reappears. 

Richarzt  afterwards  found  that  condensation  is  produced 

•  R.  von  Helmholtz,  Wied.  Ann.  32,  p.  1,  1887. 

+  R.  von  Helmholtz  and  F.  Richara,  Wied.  Ann.  40,  p.  161,  1890. 

t  F.  Richarz,  Wied  Ann.  69,  p.  592,  1896. 
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in  a  steam  jet  by  the  action  of  Eontgen  rays.  The  ions 
generated  by  the  rays  alao  act  as  nnclei  on  which  condensa- 
tion takes  place  when  a  saturated  gaa  expands  suddenly. 
This  effect  has  been  obtained  by  Wilson  with  an  apparatus 
in  which  the  expansion  takes  place  very  rapidly,  and  a  high 
degree  of  snpersaturation  is  produced.  The  rate  at  which 
expansion  tahes  place  in  the  apparatus  used  by  Coulier  and 
Aitken  is  too  slow  to  produce  any  condensation  on  the  ions 
generated  by  Rontgen  rays  or  Becqnerel  rays,  as  these  ions 
are  much  smaller  than  those  generated  by  a  flame  or 
hot  wire. 

165.  Apparatus  used  b;  C.  T.  B.  Wilson  to  produce  rapid 
expansion.  The  principle  of  the  method  devised  by  0.  T.  R. 
Wilson*  to  investigate  the  properties  of  the  various  kinds 
of  nuclei  that  may  be  generated  in  a  gas  is  illustrated  in 
figure  35.  The  upper  vessel  A  in  which  the  condensation 
is  observed  may  be  of  any  shape  to  suit  the  conditions  of  the 
problem  under  investigation,  but  the  rest  of  the  apparatus 
containing  the  parts  necessary  to  produce  the  expansion  was 
constructed  on  the  same  principle  in  each  case. 

The  upper  vessel  A  is  connected  through  a  wide  tube  to 
the  glass  cylinder  B  (internal  diameter  about  2-7  cm.). 
The  lower  end  of  this  cylinder  is  closed  with  a  rubber 
stopper,  through  the  centre  of  which  a  glass  tube  G  passes 
(about  1  cm.  diameter),  the  upper  end  of  the  tube  being 
provided  with  an  enlargement  to  serve  as  a  guide  to  the 
light  glass  plunger  P,  which  slides  freely  over  it.  The 
plunger  is  made  from  a  thin- walled  test-tube,  the  open  end 
of  which  has  been  cut  perpendicular  to  the  sides  and  ground 
smooth.  Its  lower  edge  is  always  immersed  in  the  mercury 
which  fills  the  lower  part  of  .6,  and  thus  the  gas  in  A  and 
the  upper  part  of  £  is  completely  cut  off  from  the  air  inside 
P.  The  external  diameter  of  the  plunger  is  2  mm.  less 
than  the  internal  diameter  of  the  outer  tube ;  there  is 
thus  a  space  of  1  millimetre  all  round  the  tube.    When  the 

t,  p.  i03, 
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tap  7*1 18  open  and  there  is  thus  free  communication  between 
the  space  inside  P  and  the  atmosphere,  the  pluDgerrises  till 
the  pressure  in  A  only  differs  from  the  atmospheric  pressure 
by  an  almost  negligible  amount,  depending  on  the  difference 
between  the  weight  of  the  plunger  and  of  the  mercury 
displaced  by  the  immersed  paxt  of  its  walls.  If  nowcommu* 
nication  with  the  atmosphere  be  cut  off  (by  closing  the  tap 


Figure  35. 

Tj)  and  the  space  below  the  plunger  be  suddenly  connected 
with  the  vacuum  in  i*  by  means  of  the  valve  V,  the  plunger 
is  driven  through  the  mercury  till  it  strikes  the  india-rubber, 
against  which  it  remains  tightly  held  by  the  pressure  of  the 
air  above  it.  The  mercury  remains  practically  stationary 
while  the  thin  edge  of  the  plunger  cuts  its  way  through  it. 
If  2*1  be  again  opened,  readmitting  air  into  the  space  below 
the  plunger,  the  latter  rises  to  its  original  position  and  an 
expansion  of  the  same  amount  may  be  repeated  as  often  as 
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may  be  required.  To  arrange  for  an  expansiouof  any  given 
amount  the  tap  T^  must  be  opened  while  the  plunger  is  in 
contact  with  the  india-rubber,  that  is,  in  the  position  it 
occupies  immediately  after  an  expansion.  The  mercnry 
reservoir  R  is  then  fixed  at  such  a  level  that  the  pressure  in 
A,  indicated  by  the  gauge,  is  the  desired  amount  below  that 
of  the  atmosphere;  the  tap  T^  is  then  closed  and  the 
plunger  made  to  rise  by  opening  the  tap  Ty 

If  B  be  the  barometric  pressure,  then  the  pressure  of  the 
gas  before  expansion  is 

where  (1  is  the  vapour  pressure  at  the  temperature  of  experi- 
ment, and  m  is  the  pressure  (amounting  to  1  or  2  mm. 
of  mercury)  required  to  keep  the  walls  of  the  plunger 
immersed  in  the  mercury  (m  is  measured  by  finding  the 
pressure  which  has  to  be  applied  to  the  air  in  A  to  keep  the 
piston  immersed  to  the  same  depth  when  the  space  below  it 
is  in  communication  with  the  atmosphere). 

The  pressure  of  the  gas  after  expansion  is 
Pj=5-i>-n, 
where  p  ia  the  difference  o¥  pressure  indicated  by  the  open 
mercury  gauge  when  put  in  connection  with  A  before  the 
previous  contraction. 

Then  the  ratio  of  the  final  to  the  initial  volume  of  the  gas 
is  (if  Boyle's  law  holds) 

ij  -  S  ~  B+m-n 

V,'Pt~  B~p-n' 
F^,  it  will  be  noticed,  is  the  pressure  not  at  the  moment 
when  the  expansion  is  completed  but  after  the  temperature 
has  risen  to  its  original  value. 

As  the  initial  pressure  P^  in  these  experiments  is  always 
approximately  equal  to  the  atmospheric  pressure,  it  is 
sufScient  for  many  purposes  to  take  Pj  —  P,  as  a  measure  of 
the  expansion  without  further  reduction. 

ise.  Experimentfl  with  dust-free  air.     The  results  obtained 

with  the  apparatus  constructed  on  this  principle  are  as 

Q  2 
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follows,  the  ratio  vjv-^^  of  the  final  to  the  initial  volume  of 
the  gas  being  taken  as  a  measure  of  the  expansion. 

When  dust-free  air  saturated  with  water  vapour  expands 
adiabatically,  condensation  takes  place  throughout  the  gas 
if  Vj/Vj  exceeds  the  value  1'25,  Very  few  drops  are  formed, 
less  than  100  per  cubic  centimetre,  provided  a  second  limit 
Vj/^j  =  1'38  is  not  exceeded.  This  rain-like  condensation 
takes  place  in  air,  oxygen,  nitrogen,  and  carbonic  acid  when 
the  expansion  lies  between  the  above  limits,  and  the  pheno- 
menon indicates  the  presence  of  nuclei  other  than  the 
molecules  of  the  gas  or  vapour.  The  number  of  drops  that 
are  formed  depends  on  the  nature  of  the  gas,  and  none  were 
observed  in  hydrogen.  No  direct  experimental  evidence 
was  obtained  to  show  that  the  nuclei  are  charged  particles, 
although  from  theoretical  considerations  it  might  be  sup- 
posed that  the  nuclei  are  the  ions,  which  are  always  present 
in  small  numbers. 

When  the  expansion  exceeds  the  limit  1-38  a  very  dense 
cloud  is  produced  whatever  gae  is  present,  and  there  is 
a  rapid  increase  of  the  density  with  increasing  expansion, 
the  number  of  particles  being  probably  many  millions  per 
cubic  centimetre.  In  this  case  condensation  takes  place 
independently  of  any  nuclei  other  thau  the  molecules  of 
water  vapour  or  those  of  the  gas  with  which  it  ia  mixed. 

In  conducting  gases,  or  in  gases  traversed  by  rays,  the 
phenomena  of  cloud  formation  are  in  some  cases  very 
complicated.  The  simplest  and  most  definite  effects  are 
obtained  when  a  gas  is  traversed  by  Rdntgen  rays  or  by  rays 
from  a  radio-active  substance.  When  the  gas  in  the 
chamber  A  is  ionized  by  these  raya  a  comparatively  dense 
cloud  ia  obtained  on  expansion  when  the  ratio  v^/v-^  exceeds 
1'25,  even  when  the  radiation  is  very  weak,  but  no  con- 
densation takes  place  with  smaller  expansions. 

1S7.  Condensation  on  ions  generated  by  Bfintgen  rays. 
In  order  to  show  that  the  nuclei  on  which  the  moisture 
condenses  are  the  ions  that  are  generated  by  the  rays,  the 
^tansion  was  produced  in  an  apparatus  of  the  form  shown 

U,.,l,z<,i:,.,C00gli: 
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in  fignre  36,  coDoected  to  the  cylinder  B  which  contained 
a  plunger  of  the  type  illustrated  in  figure  35. 

The  upper  part  of  the  vessel  A  was  covered  with  an 
aluminium  plate  fixed  by  means  of  sealing-wax  to  make  the 
vessel  air-tight.  The  water  in  the  lower  part  of  A  and  the 
aluminium  plate  were  connected  to  the  terminals  of  a 
battery  of  small  accumulators,  and  a  potential  difference  was 
thus  established  between  the  plate  and  the  surface  of  the 
water  ;  in  the  apparatus  that  was  used  the  distance  between 
the  aluminium  and  the  watei:  was  1-6  centimetres. 


Figure  86. 


On  exposing  the  air  to  Rdntgen  rays,  the  expansion  being 
between  1-25  and  1'36,  a  dense  cloud  was  obtained  in  the 
absence  of  electromotive  force,  but  when  a  difiference  of 
potential  of  240  volts  was  established  between  the  water  and 
the  aluminium  plate  only  a  very  slight  cloud  appeared 
on  expansion.  An  expansion  of  the  same  amount  made 
3  seconds  afler  the  rays  were  cut  off  gave  a  cloud  in  the 
absence  of  any  difference  of  potential,  whereas  when  the 
potential  difference  was  240  volts  no  effect  due  to  the  rays 
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could  be  detected  when  the  expansion  was  brought  about 
2  seconds  after  cutting  off  the  rays. 

Hence,  since  the  nuclei  on  which  the  water  condenses  are 
removed  from  the  gas  by  an  electric  force,  they  must  be 
identical  with  the  ions  which  give  rise  to  the  conductivity. 

Similar  results  were  obtained  when  the  nuclei  were 
produced  by  the  action  of  uranium  rays.  In  hydrogen  the 
minimum  expansion  required  to  cause  condensation  on  the 
ions  was  the  same  as  in  air.  In  carbonic  acid  the  expansion 
fonnd  to  be  necessary  to  produce  rain-like  condensation  in 
the  absence  of  Kontgen  rays  was  Vf/v,  =  1-36.  Dense  con- 
densation began  at  the  limit  v^j  =  1-53.  When  the  rays 
were  acting  a  few  drops  were  observed  with  an  expansion 
1-339,  and  a  dense  cloud  was  obtained  when  the  expansion 
was  1-45. 

16B.  Huolei  generated  by  ultra-violet  li^t  The  pheno- 
mena are  more  complicated  when  gases  are  traversed  by 
ultra-violet  light  In  moist  air  or  moist  oxygen,  the  light 
has  a  direct  action  on  the  gas,  and  uncharged  nuclei  are 
produced  of  various  sizes  depending  on  the  intensity  of  the 
light  and  the  length  of  exposure.  Clouds  may  be  thus 
obtained  with  very  small  expansions,  and  under  the  influence 
of  strong  ultra-violet  light  clouds  are  produced  without  any 
expansion  even  in  unsaturated  air.  In  some  experiments 
of  Lenard  and  Wolf*  light  rich  in  ultra-violet  rays  was 
admitted  through  a  quartz  window  into  a  vessel  containing 
moist  dust-free  air.  They  found  that  if  the  air  was  allowed 
to  expand  after  being  exposed  for  some  minutes  to  the  light 
a  cloud  was  produced,  showing  that  nuclei  of  some  kind  had 
been  produced  by  the  action  of  the  ultra-violet  rays. 
Similar  results  were  obtained  in  steam-jet  experiments. 
At  first  these  experiments  were  regarded  as  indicating  that 
under  the  action  of  ultra-violet  rays  small  particles  are  given 
off  from  the  surface  of  the  vessel  which  act  as  nuclei  for 
condensation. 

1S8.  Action   of  ultra-violet    li^t    on    gases.      Wilson's 
♦  P.  Lenaid  and  M.  Wolf,  Wied.  Ana.  37.  p-  448,  1889. 
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experiments,  while  confirming  the  experimental  results 
obtained  by  Lenaxd  and  "Wolf,  show  that  the  effect  is 
produced  by  the  action  of  the  light  on  the  moist  air,  and 
cannot  be  attribnted  to  particles  given  ofiF  from  the  surface  of 
the  vessel  containing  the  gas.  In  support  of  his  explanation 
of  this  phenomenon,  Wilson  points  ont  that  the  nnclei  grow 
in  size  under  continued  exposure  to  the  light,  and  also,  when 
a  long  tube  is  traversed  by  a  narrow  beam  of  ultra-violet 
light,  the  nuclei  are  produced  throughout  the  volume  of  the 
moist  air,  and  are  not  confined  to  the  neighbourhood  of  the 
quartz  window  or  of  the  glass  walls  of  the  tube.  In 
hydrogen,  nuclei  were  produced  under  the  influence  of  the 
ultra-violet  rays,  but  never  in  very  large  numbers,  and 
always  requiring  great  supersaturation  to  make  water  con- 
dense upon  them  however  long  the  exposure.  Wilson 
suggests  that  the  growth  of  the  drops  in  oxygen  ia  due  to 
the  formation  of  hydrogen  peroxide,  and  in  the  case  of  air 
the  formation  of  nitric  acid  may  contribute  to  the  efiect. 

An  effect  was  also  produced  by  sunlight  in  moist  air 
contained  in  a  vessel  provided  with  a  quartz  window 
directly  facing  the  sun,  the  ultra-violet  rays  being  cut  off 
when  desired  by  means  of  a  glass  plate  in  front  of  the  quartz 
window.  No  nuclei  were  produced  on  which  moisture 
condensed  with  small  expansions,  even  when  the  ultra-violet 
rays  were  concentrated  by  means  of  a  quartz  lens.  But 
when  the  expansions  exceeded  v^v^  =  1-25  clouds  were 
obtained  in  which  the  drops  were  plainly  more  numerous 
when  no  glass  was  interposed  than  when  the  glass  screen 
was  used  to  cut  off  the  ultra-violet  rays. 

The  glass  did  not,  however,  eliminate  the  whole  effect 
produced  by  sunlight,  for  when  the  glass  screen  was  inter- 
posed and  expansions  made,  with  and  without  an  additional 
screen  of  black  paper,  a  very  marked  difference  was  observed 
between  the  results  of  the  expansions.  Thus  sunlight 
differs  from  the  light  from  an  arc  lamp,  or  from  a  spark  gap 
in  a  condenser  discharge,  since  the  light  from  the  artificial 
sources  does  not  iacilitate  the  process  of  cloud  formation 
after  passing  through  a  glass  screen. 
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Further  reaearchea  on  the  nuclei  produced  by  ultra-violefc 
light  in  air  have  recently  been  made  by  Lenard  and 
Ramsauer.*  They  concluded  that  nuclei  capable  of  acting 
on  a  steam  jet  were  only  produced  in  air  containing  traces 
of  certain  vapours.  On  freezing  out  the  imparitiea  no  nuclei 
could  be  found,  either  with  the  long- waved  light  that  passes 
through  quartz  or  with  the  highly  absorbable  rays  of  the 
Schumann  region.  The  nuclei  reappeared  if  the  parifled 
air  wa«  allowed  to  come  into  contact  with  contaminating 
substances  such  as  cotton-wool  or  india-rubber  tubing. 

160.  Condensation  on  ions  set  &ee  by  ultra-violet  light 
from  a  metal  suriiaoe.  When  ultra-violet  light  falls  on 
a  negatively  electrified  metal  plate,  the  ions  which  are  set 
free  also  act  as  nuclei  on  which  moisture  tends  to  condense. 
Lenard  and  Wolf  (loc.  cit.)  found  that  dense  condensation 
takes  place  in  a  steam  jet  when  a  negatively  electrified 
metal  plate  near  the  jet  is  exposed  to  the  action  of  the  light. 
The  effect  of  the  ions  may  be  also  shown  by  means  of 
expansions  similar  to  those  required  to  produce  condensation 
•  on  the  ions  generated  by  Rontgen  rays.  The  phenomenon 
is  more  easily  observed  in  hydrogen  than  in  air,  since  the 
effect  of  the  light  throughout  the  volume  of  the  gas  is  very 
slight.  When  light  falls  on  a  metal  plate  and  an  expansion 
just  exceeding  the  critical  value  vjv-^  =  1-25  takes  place  in 
the  surrounding  gas  the  density  of  the  cloud  that  is  produced 
depends  on  the  potential  of  the  plate.  When  the  plate  is 
positively  charged  no  effect  is  observed  dne  to  the  incidence 
of  the  light,  but  when  the  plate  is  negatively  chwged  the 
density  of  the  cloud  increases  as  the  negative  charge  is 
increased.  For  a  certain  value  of  the  potential  the  density 
attains  a  maximum  value,  and  for  high  potentials  the  effect 
of  the  light  disappears.  These  observations  show  that  the 
ions  set  free  by  the  light  aot  as  nuclei  for  the  condensation, 
since  the  number  of  ions  in  the  gas  at  any  instant  varies 
with  the  electric  force  in  the  same  way  as  the  density  of  the 

*  P.  Lenard  and  C.  Ramsauer,  SitzungBberichte  der  Heidclberger 
Akademie,  5  parts,  Aug,  1910-Aug.  1911.    See  aim  Sections  49,  50. 
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cloud.  The  same  degree  of  supersaturatiou  is  required  to 
obtain  coDdensation  on  the  ions  set  free  from  the  metal 
surface  by  the  light,  as  is  required  with  ions  generated  by 
Bontgen  rays.  The  ions  produced  by  the  two  methods  ai-e 
therefore  of  the  same  order  of  magnitude. 

lei.  Variations  jn  the  siEe  of  ions  prodnoed  by  point 
diBcharges.  Wilson  also  investigated  the  ions  repelled  from 
a  point  discharge,  which,  as  R.  von  Helmholtz  had  observed, 
give  rise  to  condensation  in  a  steam  jet.  for  this  purpose 
a.  glass  vessel  with  a  metal  point  projecting  into  the  centre, 


Figure  37. 

as  illustrated  in  figure  37,  was  connected  to  the  expansion 
apparatus  described  above.  The  lower  part  of  the  vessel 
contained  water,  and  connection  was  made  through  it  to  the 
moist  surface  of  the  glass  surrounding  the  point.  The 
current  through  the  gas  was  maintained  by  a  Wimshurst 
machine,  one  terminal  being  connected  to  the  pointed  wire 
and  the  other  to  the  water  in  the  bottom  of  the  vesseL 

The  phenomena  are  simplest  when  the  expansion  takes 
place  while  the  current  is  passing  through  the  gas.  In  air 
and  in  hydrogen  no  drops  are  formed  so  long  as  the  expansion 
is  below  the  limit  v^v^  =  1'25,  but  with  expansions  slightly 
above  this  limit  very  dense  clouds  are  obtained.  "When  the 
potential  of  the  wire  is  negative  cloads  are  always  obtained 
with  slightly  lower  expansions  than  when  the  point  is  posi- 
tive.    The  cloud  only  lasts  for  a  short  time,  since  the  charged 
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particles  are  removed  quickly  from  the  gas  by  the  high 
electric  force  required  to  maintain  the  discharge. 

When  the  discharge  is  stopped  before  expansion  takes 
place,  by  short-circuiting  the  wires  leading  to  the  electrical 
machine,  the  exact  degree  of  supersaturation  required  to 
produce  condensation  in  air  is  not  so  well  marked.  The 
value  of  the  ratio  v^i,  at  which  condensation  begins, 
diminishes  as  the  time  that  elapses  between  the  cessation 
of  the  current  and  expansion  of  the  gas  increases.  During 
that  interval  the  nuclei  appear  to  grow  in  size,  and  after 
about  thirty  seconds  a  few  drops  are  obtained  when  the 
expansion  v^/v■^  =  1-06  takes  place. 

In  pure  hydrogen  no  corresponding  increase  was  observed 
in  the  size  of  the  nuclei  that  remain  in  the  gas  after  the 
discharge  is  stopped.  The  effect  in  air  is  probably  due  to 
the  formation  of  small  quantities  of  nitric  acid  or  of 
hydrogen  peroxide  which  condense  on  the  nuclei. 

The  tendency  of  ions  to  become  larger  while  they  are  in 
air  through  which  the  discharge  has  passed  is  also  shown 
by  the  change  in  the  rate  at  which  they  diffuse.  When 
ions  are  repelled  by  a  point  discharge  into  a  stream  of  air 
in  a  tube,  the  coefficient  of  division  of  those  that  have 
been  carried  a  long  distance  by  the  stream  is  less  than  the 
coefficient  of  diffusion  of  ions  that  have  travelled  a  short 
distance. 

162.  Belatire  effloienoy  of  positive  and  n^ative  iouB,  as 
nnolei  for  condensation  of  moisture.  In  his  experiments 
with  point  discharges,  Wilson  observed  a  difference  between 
the  expansions  required  to  produce  condensation  on  ions 
coming  from  points  that  were  positively  and  negatively 
charged,  and  subsequently  he  found  that  the  positive  and 
negative  ions  generated  by  Rdntgen  rays  differed  in 
a  similar  manner.*  The  apparatus  used  for  this  investiga- 
tion consisted  of  a  glass  cylinder  (figure  36)  provided  with 
a  pair  of  horizontal  plates,  A  and  B,  that  acted  as  electrodes, 
one  of  the  plates  being  used  to  close  the  upper  end  of  the 

•  C.  T.  B.  WilBOB,  Phil.  Trans.  A.  198,  p.  289.  1899. 
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cyliuder.  Connection  was  made  with  the  expansion 
apparatus  by  a  tube  passing  through  the  stopper  in  the 
lower  end  of  the  cylinder.  The  upper  part  of  the  cylinder 
'was  screened  by  a  sheet  of  lead  from  the  action  of  the  raysi 
and  ionization  was  produced  only  in  a  layer  of  air  imme- 
diately above  the  lower  electrode.  When  the  electric  force 
is  established  between  the  plates  the  ions  of  one  sign  move 
through  the  gas  and  are  discharged  by  the  upper  electrode, 
and  those  of  opposite  sign  are  brought  into  contact  with  the 
lower  electrode  afler  passing  through  a  very  short  distance 
in  the  gas.  The  gas  therefore  contains  principally  ions  of 
one  sign,  those  moving  towards  the  upper  electrode,  at  any 
instant  while  the  current  is  passing. 


Careful  observations  were  made  of  the  exact  effect  of 
expansions  in  which  the  ratio  Wa/v,  was  increased  gradually 
from  the  value  )-26  to  1-38. 

When  the  upper  plate  was  positive  and  an  excess  of 
negative  ions  was  distributed  throughout  the  gas,  com- 
paratively dense  clouds  were  obtained  when  the  expansion 
slightly  exceeded  the  value  Vj/i;,  =  1-25,  the  density  of  the 
cloud  being  the  same  for  all  expansions  between  the  limits 
1-28  and  1-38. 

When  the  electric  force  was  reversed  and  positive  ions 
were  distributed  throughout  the  gas,  very  few  drops  were 
obtained  until  the  ratio  vjv-^  attained  the  value  1-31 ;  com- 
paratively dense  clouds  were  obtained  for  the  expansion 
Uj/v,  =  1-33,  and  when  the  value  1-35  was  attained  the  clouds 
were  as  dense  as  those  obtained  with  negative  ions. 
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163.  Wilson's  metliod  of  making  visible  the  paths  of 
ionizing  particles  in  a  gas.  An  interesting  series  of  invest!  - 
gations  has  recently  been  made  by  C.  T.  R.  Wilson  *  with 
an  improved  form  of  apparatus  by  which  it  is  possible  to 
render  visible  the  tracks  of  ionizing  rays  through  a  gas  by 
means  of  a  cloud  formed  on  the  ions. 

A  shallow  cylindrical  cloud-chamber  (figure  39)  was  used, 
16-5  centimetres  in  diameter  and  3-4  centimetres  high. 


Figure  39. 

The  glass  plate  A  formed  the  cover  of  the  glass  cylinder 
CC,  which  was  fixed  to  the  longer  brass  cylinder  C,C,.  The 
floor  B,  also  of  glass,  was  fixed  to  the  brass  cylinder  C^C^, 
of  the  same  length  as  the  cylinder  Cfij,  but  somewhat 
smaller  in  diameter,  so  that  the  Soor  and  smaller  cylinder 
acted  as  a  movable  plunger.  When  the  inner  cylinder  rests 
on  the  base  of  the  instrument,  the  plates  are  at  their 
'maximum  distance  apart  d.  The  distance  between  the  two 
plates  A  and  B  may  be  adjusted  to  any  value  d  —  x  by  regu- 
lating the  pressure  of  the  air  below  the  plunger.  A  sudden 
expansion  of  the  amount  d/(d  —  x)  is  then  obtained  by 
connecting  the  space  below  the  plunger  through  the  wide 
tubing  T  with  an  exhausted  vessel.    The  space  below  the 

•  C.  T.  R.  Wilaon,  Proc.  Boy.  Soc.  A.  86,  p,  285, 1911  ;  87,  p.  277,  1912. 


Fignre  40.    tt  rays  from  a  amall  quantity  of  radiam. 


Figure  41>    v  rays  from  radium  emanation. 


Figure  42.    ff  raya  from  radium. 
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Figure  43.     S  raja  produced  by  y  raya. 


Figure  44.    Effect  of  narrow  beam  of  Rontgen  rays  along  the  line  AB. 
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plunger  is  partially  filled  with  a  wooden  cylinder  W  to 
reduce  the  volume  of  air  passing  through  the  tube  T. 

"When  expansion  takes  place,  the  motion  at  each  point  of 
the  gaa  between  the  plates  is  in  a  vertical  direction,  and 
there  are  no  irregolar  disturbances  that  would  appreciably 
alter  the  positions  of  the  iona  after  they  are  formed. 

In  order  to  remove  the  iona  generated  before  the  expan- 
aion  takes  place  a  strong  electric  field  is  maintained  between 
the  plates.  The  ions  generated  just  after  expansion  in  the 
supersaturated  gas  acquire  a  large  mass  very  quickly,  and 
do  not  move  appreciably  under  the  electric  force.  Using 
a  strong  light  to  illnminate  the  cloud  chamber,  Wilson  has 
succeeded  in  photographing  the  clouds  that  are  produced 
by  various  kinds  of  radiation.  In  some  cases  the  pictures 
are  obtained  in  sufi&cient  detail  to  show  the  single  drops 
formed  by  individual  ions.  Some  examples  of  the  photo- 
graphs of  the  clouds  formed  along  the  tracks  of  ionizing 
rays  are  given  in  the  acoompauying  illustrations. 

The  effect  obtained  with  oc  rays  emitted  from  a  small 
quantity  of  radium  on  the  end  of  a  wire  is  shown  in 
figure  40.  The  paths  of  the  a  particles  are  very  distinct, 
since  a  large  number  of  ions  are  generated  by  each  ray,  and 
a  dense  cloud  is  obtained  along  the  path  of  each  particle. 
The  drops  are  so  numerous  that  the  cloud  when  illuminated 
appears  to  be  a  continuous  bright  line. 

The  (X  rays  are  generally  straight  over  the  greater  part 
of  their  length,  but  they  are  nearly  all  bent,  often  abruptly, 
in  the  last  two  millimetres  of  their  course.  The  length  of 
the  path  as  shown  by  this  method  is  in  good  agreement  with 
that  previously  found  by  experiments  on  the  conductivity 
at  various  distances  from  the  source. 

Figure  41  illustrates  the  efTeot  of  the  ionization  pro- 
duced by  radium  emanation.  The  bright  lines  originating 
at  various  points  in  the  gas  represent  the  tracks  of  the  a 
particles  emitted  by  molecules  of  the  radio-active  gas. 

The  tracks  produced  by  the  ^  rays  (figure  42)  are  not  so 
distinct,  as  a  small  number  of  ions  are  produced  per  centi- 
metre of  the  path  of  each  jd  particle.    At  irregular  intervals 
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along  the  path,  groups  of  twenty  or  thirty  ions  appear  to 
have  been  generated  within  a  small  area.  The  occurrence 
of  a  group  may  be  interpreted  as  indicating  that  in  certain 
cases  when  an  electron  is  separated  from  a  molecule  by 
a  j3  ray,  the  electron  may  have  sufficient  energy  to  ionize 
other  molecules  in  its  neighbourhood.  The  path  of  a  /? 
particle  is  nearly  straight  when  the  velocity  is  high,  but  as 
the  velocity  diminishes  the  number  of  ions  generated  per 
centimetre  of  its  path  increases,  and  at  the  same  time  the 
ray  is  more  readily  deviated  by  colliding  with  a  molecule. 
At  a  later  stage  of  slower  velocity,  the  path  of  the  particle 
becomes  curled  up  and  resembles  the  paths  of  the  secondary 
corpuscular  rays  generated  by  B^ntgen  raya. 

Figure  43  shows  the  effect  of  passing  a  narrow  beam  of 
y  rays  through  the  cloud  chamber.     The  tracks  in  this  case 
are  doubtless  those  of  /3  particles  starting  from  the  walls  of  ' 
the  vessel. 

The  effect  obtained  by  a  narrow  beam  of  Bontgen  raya 
traversing  the  cloud  chamber  after  the  expansion  of  the  gas 
is  shown  in  figure  44.  The  magnification  was  2-45  and  the 
width  of  the  beam  abont  2  millimetrea  The  ionization  is 
produced  along  a  number  of  bent  or  curled-up  lines, 
originating  in  the  path  of  the  primary  beam.  These  are 
the  trEusks  of  electrons  emitted  with  a  high  velocity  from 
molecules  of  the  gas  that  are  ionized  by  the  direct  action 
of  the  rays.  The  illustration  shows  that  the  larger  number 
of  ions  produced  by  B5ntgen  rays  are  due  to  secondary 
corpuscular  rays.  The  penetrating  power  of  the  secondary 
rays  emitted  from  the  molecules  of  the  gas  is  of  the  same 
order  as  that  of  the  corpuscular  secondary  rays  emitted  by 
a  metal  surface  when  the  rays  fall  upon  it. 

These  experiments  show  the  accuracy  of  the  previous 
conclusions  deduced  by  electrical  methods,  and  in  addition 
afford  a  method  of  deciding  many  uncertain  points  in  con- 
nection with  the  processes  of  ionization  which  were  not 
very  clearly  explained. 

1S4>.  Principle  of  the  method  used  to  determine  the 
charge  on  an  ion.     Determination  of  the  number  of  drops 
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in  a  cloud.  The  atomic  ch&rge  may  be  found  by  a  direct 
method  when  cosdensatioQ  takes  place  on  the  ions,  and  the 
charged  drops  are  made  visible.  The  theory  of  the  method, 
as  it  was  first  applied,  is  as  follows.  When  a  cload  is 
formed  in  a  gas,  the  size  of  the  drops  may  be  deduced  from 
the  velocity  of  the  drops  as  they  fall  through  the  gas  under 
the  action  of  gravity.  The  formula  given  by  Stokes  for  the 
velocity  v  of  a  sphere  of  radius  a  moving  uniformly  through 
an  incompressible  fluid  of  viscosity  /i,  under  the  action  of 
a  constant  force  F,  is  Gvfiav  =  F.  This  formula  is  obtained 
on  the  hypothesis  that  the  velocity  of  the  fluid  at  the 
surface  of  the  sphere  is  the  same  as  that  of  the  sphere,  or  in 
other  words,  that  there  is  no  slipping  at  the  surface  of  the 
sphere.  When  the  sphere  consists  principally  of  water,  as 
in  the  case  of  the  drops  forming  the  clouds  that  may  be 
obtained  in  newly-prepared  gases,  or  when  an  expansion 
takes  place  in  a  moist  gas,  the  density  may  be  taken  as 
unity  and  the  force  acting  on  the  sphere  is  jTra"^.  An 
approximate  value  of  the  radius  of  the  drop  may  therefore 
be  obtained  from  a  determination  of  the  velocity  by  means 
of  the  formula  2a^g  =  B^v. 

The  weight  to  of  each  drop  may  therefore  be  calculated, 
and  the  number  of  drops  n  per  cubic  centimetre  of  the  gas 
may  be  found  from  a  determination  of  the  weight  of  the 
clond  contained  in  a  given  volume.  Thus  nw  =  W, 
W  being  the  weight  of  the  cloud  per  cubic  centimetre  of 
the  gas. 

The  charge  on  the  ions  in  the  gas  may  be  found  in 
electrostatic  units  with  a  sensitive  electrometer,  and  if  E 
be  the  charge  per  cubic  centimetre  the  charge  on  one  ion 
is  £/n. 

166.  Electrioal  properties  of  gases  evolved  by  electrolysis. 
The  above  method  of  finding  the  charge  e  was  first  used  to 
determine  the  charge  on  a  drop  in  the  clouds  formed  in 
oxygen  given  off  by  electrolysis.*  The  electrical  properties 
of  the  gases  evolved  by  a  current  passing  through  a  dilute 

•  Proc.  Camb.  Phil.  Soo.  9,  p.  244,  1897. 
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BolutioD  of  sulphuric  acid  or  caustic  potash  are  similar  to  ■ 
those  of  uewly  prepared  gases  obtained  by  other  methods, 
which  in  many  cases  contain  a  large  number  of  ioBS 
associated  with  particles  that  are  comparatively  large.  The 
rate  of  diffusion  of  the  charged  particles  is  therefore  very 
slow,  and  the  gas  retains  a  large  proportion  of  the  ions 
after  passing  through  tubing  or  after  bubbling  through  ' 
a  liquid. 

In  the  presence  of  water  vapour  the  particles  increase  in 
size  and  form  a  visible  cloud,  but  when  the  gas  is  dried  the 
water  evaporates  from  the  drops  and  the  gas  becomes  clear. 
The  particles  that  remain  after  drying  contain  a  substance  , 
that  is  soluble  in  water  and  reduces  the  vapour  pressure, 
since  a  cloud  is  again  formed  in  the  presence  of  water 
vapour.  Generally  it  is  not  possible  to  find  the  chemical 
composition  of  the  nuclei  in  the  dry  gas,  as  very  small  • 
quantities  are  involved,  and  traces  of  acid  vapour,  or  other 
substances  that  woold  tend  to  condense  on  ions  generated 
initially  in  the  gas,  may  be  formed  during  the  chemical 
reaction.  i 

When  a  cloud  is  formed  in  the  lower  part  of  a  vessel,  the 
gas  in  the  upper  part  remains  quite  clear  and  the  surface 
of  the  cloud  sinks  slowly,  at  the  rate  of  about  a  centimetre 
in  three  minutes,  which  shows  that  the  dropsare  very  small, 
their  radii  being  of  the  order  7  x  10"'  centimetra 

In  the  gaaes  given  off  by  electrolysis,  as  frequently 
happens  when  gases  are  evolved  from  solutions,  there  is 
a  large  excess  of  ions  of  one  sign,  which  gives  rise  to  a  dis- 
tribution of  electricity  throughout  the  volume  of  the  gas, 
and  the  charge  may  be  measured  by  introducing  the  gas 
into  a  large  insulated  vessel.  Dififerent  intensities  of  , 
electrification  may  be  obtained,  as  the  charge  carried  in  the 
gas  increases  as  the  temperature  of  the  electrolyte  is  raised. 
In  some  of  the  experiments  made  with  oxygen  evolved 
from  a  solution  of  caustic  potash  there-was  no  appearance  ' 
of  a  cloud,  and  no  charge  could  be  detected  in  the  gas  when 
the  temperature  of  the  cell  was  10°  centigrade,  but  when 
the  temperature  was  raised  above  20°  a  faint  cloud  appeared, 


DETERMINATION  OF  THE  ATOMIC  CHAR&E    241 

and  when  the  gas  entered  an  insulated  vessel  a  small  electro- 
meter deflection  was  produced.  With  higher  temperatures 
the  clouds  become  much  denser,  the  weight  of  the  water 
forming  the  drops  being  much  greater  than  the  weight  of 
the  vapour  required  to  saturate  the  gaa.  It  ia  possible, 
therefore,  to  find  the  amount  of  water  forming  the  drops 
in  a  given  volnme  of  the  gas  by  weighing,  and  the  total 
number  of  drops  may  be  compared  with  the  charge  in  the 
same  volume. 

lee.  First  detdrminations  of  tbe  elementary  charge.  The 
method  adopted  was  to  pass  the  gas  through  a  vessel  con- 
taining water  and  then  through  an  insulating  tube  into 
a  series  of  small  bulbs  containing  sulphuric  acid,  which 
removed  the  water  vapour  and  also  the  cloud  that  had  been 
formed  as  the  gas  passed  through  the  water.  The  vessel 
containing  the  water  was  maintained  at  a  constant  tempera- 
ture, so  that  the  weight  IT,  of  the  vapour  required  to 
saturate  the  gas  was  known.  The  increase  of  the  weight 
of  the  acid  W^  varied  with  the  density  of  the  cloud,  and  in 
some  cases  W^  was  Ave  times  as  great  as  W^,  the  difference 
Ifj  -  Wj  being  the  weight  of  the  water  forming  the  cloud. 
The  weight  w  of  each  drop  was  calculated  from  observations 
of  the  rate  of  fall  of  the  cloud,  and  the  number  of  particles 
(W^—Wj)/w  was  determined.  The  number  of  particles 
thus  found  was  very  large,  being  of  the  order  10'  per  cubic 
centimetre  of  the  gas. 

In  order  to  find  the  charge  carried  by  the  gas  as  it  enters 
the  drying  apparatus,  the  bulbs  containing  the  sulphuric 
acid  were  insulated,  and  the  dry  gas  was  passed  into  a  large 
insulated  receiver.  The  charges  y,  and  g^  acquired  by  the 
drying  apparatus  and  the  receiver  were  determined,  the 
charge  on  the  cloud  carried  into  the  drying  apparatus  being 
<7i  +  '/s-  '^^^  density  of  electrification  E  was  thus  found 
to  be  proportional,  to  the  number  of  particles  n  per  cubic 
centimetre  as  deduced  from  the  weight  of  the  cloud. 

Assuming  that  all  the  particles  have  charges  of  the  same 
sign,  the  charge  on  each  is  E/n.    The  value  of  the  atomic 
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charge  e  as  first  obtained  on  this  hypothesis  *  was  3  x  10'*' 
electrostatic  units,  approximately. 

Subsequently,  in  1898,  the  aathor  found  that  there  was 
an  error  in  this  number,  as  particles  having  charges  of  both 
signs  were  present  in  the  gas.  The  charge  measured  was 
proportional  to  e{n^  —  n^)  whereas  the  total  number  of 
particles  was  (n,  +  iij).  The  ratio  n^ :  n^  was  determined  by 
experiments  on  the  conductivity  of  the  gas,  and  n^  was 
found  to  be  four  times  n, ;  hence  {n^  +  T>^)/{n^  —  n^  =  5/3. 
When  this  factor  was  taken  into  consideration  the  charge 
e  was  found  to  be  5  x  10""  electrostatic  unit.f 

167.  J.  J.  Thomson's  determinations  of  the  elementary 
charge.  Charges  on  ions  generated  by  Bdntgen  rays  and 
ultra-violet  light.  The  above  principle  was  subsequently 
applied  by  Thomson  to  determine  the  charge  on  one  of  the 
drops  in  a  cloud  formed  by  expansion  when  the  gas  is 
ionized  by  IU>ntgen  rays,  and  also  when  negative  ions  are 
set  free  by  ultra-violet  light  from  a  metal  surface.  In  the 
experiments  with  RSntgen  rays  the  expansion  was  pro- 
duced in  a  Teasel  similar  to  that  shown  in  figure  36.  The 
radius  of  the  drop  was  determined  from  the  rate  at  which 
the  cloud  fell  through  the  gas.  The  weight  W  of  the  cloud 
in  unit  volume  of  the  gas  was  estimated  by  calculating  the 
amount  of  water  vapour  in  the  gas  before  expansion  and 
the  amount  required  to  saturate  the  gas  when  its  lowest 
temperature  was  attained.  The  number  of  drops  JV  per 
cubic  centimetre  was  thus  deduced,  namely  Jf  =  W/io, 
w  the  weight  of  a  drop  being  found  by  observing  the  rate 
at  which  the  cloud  fell.  The  total  charge  on  the  ions  in 
unit  volume  of  the  gas  was  determined  from  the  current 
between  the  upper  electrode  and  the  surface  of  the  water 
in  the  lower  part  of  the  vessel.  If  Jf  be  the  total  number 
of  ions,  positive  as  well  as  negative,  per  cubic  centimetre 
of  the  gas,  f/g  the  mean  of  the  velocities  of  the  ions  under 
a  potential  gradient  of  one  volt  per  centimetre,  the  current 

•  Proc.  CamL.  Phil.  Soc.  9,  p.  244,  1897. 
+  Phil.  Mag.  (5)  46,  p.  125.  Feb.  1898. 
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per  square  centimetre  of  the  electrode  13  JVef/^X.  The 
values*  of  e  thus  obtained  are  e  =  6-5x10'*  for  ions 
generated  in  air  and  e  =  6-7  x  10-^'  for  ions  generated  in 
hydrogen.  The  negative  ions  set  iree  from  a  metal  surface 
by  ultra-violet  light,f  were  similarly  found  to  have  a  charge 
6-8  X  10"'"  electrostatic  unit 

As  it  was  uncertain  that  the  expansions  used  in  the 
earlier  experiments  were  sufficient  to  produce  condensation 
on  all  the  positive  ions  generated  in  the  gas,  another 
investigation  was  made,  in  which  the  expansion  was  care- 
fully measured,  and  the  fact  X  that  condensation  takes  place 
only  on  negative  ions  when  the  expansion  v^/v^  is  between 
the  limits  1-26  and  1-31  was  taken  into  consideration.  In 
these  experiments  the  gas  was  ionized  by  rays  from  a  radio- 
active substance,  and  the  value  3-4  x  10'"  electrostatic  unit 
was  found  for  the  atomic  charge.  §  This  value  was  considered 
to  be  more  accurate  than  that  previously  obtained  when  the 
ions  were  generated  by  Rontgen  rays. 

Considerable  difficulties  are  met  with  in  these  experi- 
ments, so  that  the  final  results  are  not  very  accurate,  but 
they  show  that  the  charge  on  an  ion  generated  by  ultra- 
violet light,  6-8  X  lO"'",  is  a  quantity  of  the  same  order  as 
that  on  ions  generated  in  gases  by  Becquerel  rays, 
3-4  X  10"^".  The  experiments  on  the  diffusion  of  ions  show 
that  these  charges  are  eqnal. 

168.  H.  A-Wilson's  improvement  in  the  method  of  estimating 
the  oba^ce  e.  An  improvement  in  the  above  methods  was 
introduced  by  H.  A.  Wilson,  which  eliminates  the  errors 
that  occur  in  the  determinations  of  the  weight  of  the  cloud 
and  the  charge  on  the  iona  in  unit  volume  of  the  gas.  The 
principle  consists  in  applying  an  electric  force  to  increase 
or  diminish  the  velocity  of  the  charged  cloud.  If  the 
velocity  v^  of  the  upper  surface  of  a  cloud  falling  under  the 
action  of  gravity  be  determined,  the  radius  or  the  mass  ni 
of  a  drop  may  be  found  by  Stokes's  formula,  the  force  acting 

*  J.  J.  Thomion,  Phil.  Mag.  (5)  46,  p.  528,  Dec.  1808. 

t  Ibid.  (5)  48,  p.  547,  Dec.  1899. 

t  See  Section  161. 

I  J.  J.  Tbonuon,  Phil.  Hog.  (6)  6,  p.  346, 1903. 
B  2 
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on  the  drop  being  ^va^g.  In  an  electric  field  of  intensity 
X  the  force  on  the  drop  is  Xe  +  mg,  and  if  v^  be  the  corre- 
sponding velocity,  then  the  charge  e  may  be  determined 
from  the  equation 

Vj      mg  +  Xe 

since  the  velocities  are  proportional  to  the  forces.  In  the 
experiments  made  on  this  principle  the  ions  were  generated 
by  Rontgen  rays  in  the  space  between  two  horizontal  plane 
electrodes,  contained  in  a  glass  vessel  connected  with  an 
expansion  apparatus  similar  to  that  illustrated  in  figure  36. 
The  expansion  was  adjusted  to  produce  condensation  princi- 
pally on  the  negative  ions,  so  that  the  electric  force  should 
act  in  the  same  direction  on  all  charged  drops  forming  the 
cloud.  When  a  potential  difference  of  the  order  of  2000 
volts  was  established  between  the  electrodes  at  one  centi- 
metre or  half  a  centimetre  apart,  the  velocity  of  the  particles, 
as  determined  by  the  motiou  of  the  upper  surface  of  the 
cloud,  was  considerably  altered.  Thus  in  an  experiment 
in  which  the  velocity  was  •0193  centimetres  per  second 
while  the  drops  fell  under  the  action  of  gravity,  the  velocity 
obtained  with  an  electric  force  of  16  electrostatic  units  was 
•031  per  second.  The  mean  value  of  the  charge  e  deduced 
from  these  experiments  was  31  x  lO"'"  electrostatic  unit.* 

169.  Hillikao's  recent  determination  of  the  oliarge  e. 
Recently,  a  higher  degree  of  accuracy  has  been  obtained 
in  the  determination  of  the  value  of  e,  and  the  most  reliable 
results  do  not  differ  by  10  per  cent,  from  the  number 
4-5  X  10-". 

An  interesting  series  of  investigations  has  been  made  by 
Millikan,t  who,  in  collaboration  with  Begeman,  made 
experiments  at  first  on  the  clouds  formed  by  expansion, 
and  determined  the  charge  by  the  method  devised  by 
H.  A.  Wilson,  obtaining  the  value  406  x  Ifli*  for  the  atomic 
charge. 

•  H.  A.  Wilaon,  Phil.  Mag.  (6)  6,  p.  429,  1903. 

t  B.  A.  Millikan  and  L.  Begeman,  Phja.  Rev.  26,  p.  198,  1908. 
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Subsequently*  new  modificationa  were  introduced,  and 
instead  of  observing  the  surface  of  a  cloud,  a  single  drop 
waa  kept  under  observation  and  its  motion  in  an  electric 
field  was  determined  with  a  short-foeua  telescope.  Indi- 
vidual drops  in  the  cloads  formed  by  expansion  were  thus 
found  to  have  difTerent  charges,  but  in  each  case  the  charge 
was  an  exact  multiple  of  the  smallest  charge  that  was 
observed,  which  was  4-65  x  10"^".  For  the  purpose  of  these 
calculations  a  special  determination  was  made  of  the  coe£B- 
cient  of  viscosity  of  saturated  air.  It  was  found  to  be 
higher  than  that  of  dry  air  by  about  2  per  cent.,  and  the 
low  value  of  e  found  in  the  previous  determination  was 
attributed  to  the  error  in  the  value  of  y.  used  in  Stokes's 
formula  for  the  velocity  in  terms  of  the  radius  when  the 
drop  is  falling  under  the  action  of  gravity. 

Farther  ezperimenta  were  made  with  oil  drops  made  by 
a  sprayer,  instead  of  the  drops  formed  by  the  expansion 
of  a  moist  gas.  The  effect  of  evaporation  was  thus  eliminated 
and  it  was  possible  to  observe  a  drop  for  several  hours. 
In  order  to  charge  the  drop,  the  air  in  which  it  was  sus- 
pended was  ionized  by  radium  or  Bontgen  rays,  and  when 
a  potential  difference  was  established  between  the  electrodes, 
the  addition  of  one  or  more  iona  to  the  charge  on  the  drop 
was  indicated  by  a  change  in  the  velocity.  Experiments 
were  made  with  different  charges  on  the  same  drop,  and,  as 
before,  each  charge  was  found  to  be  an  exact  multiple  of  the 
same  atomic  charge. 

The  accuracy  of  Stokes's  formula  for  the  velocity  of  a 
sphere  through  a  viscous  liquid  was  also  tested,  since  in  its 
simple  form  it  applies  only  to  the  case  in  which  the  velocity 
of  the  fluid  at  the  surface  of  the  sphere  is  equal  at  each 
point  to  the  velocity  of  the  surface.  It  is  easy  to  see  that 
when  the  radius  of  the  sphere  is  small  compared  with  the 
mean  free  path  of  a  molecule  of  the  gas,  the  velocity  that  it 
acquires  under  a  constant  force  is  inversely  proportional 
to  the  square  of  the  radius,  so  that  Stokes's  formula  cannot 
apply  to  very  small  spheres. 

*  R.  A.  Millikan,  Phil.  Mag.  (6)  19,  p.  209, 1910. 
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In  the  case  of  the  drope  need  in  Millikan'B  experimeuts 
and  also  in  the  earlier  ezpehiuents  with  clouds,  the  radii 
of  the  drops  were  large  compared  with  the  mean  free  path, 
80  that  the  velocity  is  given  approximately  by  Stokes's 
formula,  but  in  order  to  reach  a  high  degree  of  accuracy 
it  is  necessary  to  introduce  a  correction  depending  on  the 
ratio  of  the  mean  free  path  of  a  molecule  of  the  gas  to  the 
diameter  of  the  sphere. 

170.  CoireotioD  to  Stokee's  formula.  This  problem  Las 
been  investigated  mathematically  by  Cunningham  *  who 
found  expressions  for  the  velocity  of  a  sphere  in  a  gas  when 
the  collisions  of  the  molecules  with  the  sphere  are  of 
the  nature  of  impacts  between  two  smooth  elastic  bodies, 
and  also  for  the  case  of  collisions  where  the  velocities  of 
the  molecules  on  rebounding  from  the  surface  are  uncon- 
nected with  the  velocities  with  which  they  collide.  If 
a  certain  fraction  /of  the  collisions  are  of  the  first  tjrpe  and 
the  remainder  of  the  second  type,  the  force  F  required  to 
maintain  a  velocity  V  in  a  gas  of  viscosity  ft  is  given  by  the 
formula  r-         ..o,/  -, 

I  being  the  mean  free  path  of  a  molecule  and  a  the  radius 
of  the  sphere,  Millikan  found  from  his  experiments  that 
the  charges  obtained  with  different  spheres  were  the  same, 
when  V  is  given  by  an  expression  of  the  above  form  and 

the  additional  term  is  (1  +  -817-).     In  other  words,  the 

formula  that  is  indicated  by  the  experiments  is  practically 
of  the  same  form  as  that  given  by  Cunningham  when  the 
quantity/  is  zero- 
When  these  corrections  are  made,  Millikan  f  gives  the 
number  4-891x10-"'  as  the  value  of  e.  This  value  has 
subsequently  been  corrected  to  4>774  x  lO''". 

171.  Millikan'B  experiments  on  positive  and  negative 
charges.    Millikan  also  made  an  investigation  to  determine 

m,  Proc.  Rov.  Soc.  A.  88,  p.  35 
I,  Pbys.  Rev.  82,  p.  849,  1911. 
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whether  any  of  the  ions  generated  in  the  gas  had  double 
charges.  In  his  experimeuta  on  the  clouds  formed  by 
expansion,  many  of  the  drops  were  observed  to  have  more 
than  one  atomic  charge,  a  result  that  was  also  obtained 
by  H.  A.  Wilson.  This  may  be  due  to  different  caus^, 
such  as  the  coalescence  of  drops  with  single  charges,  and 
from  his  later  experiments  Millikau  concludes  that  if  any 
ions  with  double  charges  are  generated  in  the  gas  they 
are  very  few  under  any  circumstances ;  much  less  than 
9  per  cent  of  the  total,  as  observed  by  Franck  and  Westphal 
for  positive  ions  generated  by  Rontgen  rays  in  their  experi- 
ments on  diffusion  in  air  at  atmospheric  pressure.  The 
method  finally  adopted  was  to  observe  the  variations  of 
the  motion  of  an  oil  drop  wh^n  the  air  was  ionized  by 
rays  of  low  intensity,  but  differing  in  penetrating  power, 
and  it  was  found  that  the  changes  in  the  velocity  corre- 
spond to  an  increase  in  the  charge  by  the  amount  e  in  the 
large  majority  of  cases,  and  only  on  very  rare  occasions  was 
the  charge  increased  by  the  amount  2  e. 

It  is  difEcult  to  reconcile  the  results  of  the  different 
investigations  of  this  problem,  and  at  present  it  is  not  clear 
under  what  conditions  particles  with  double  charges  may 
be  produced.  The  experiments  on  diffusion  show  that  all 
ions  generated  by  the  different  kinds  of  rays  have  single 
atomic  charges,  except  the  positive  ions  generated  by 
Rontgen  rays  of  a  certain  type. 

173.  Butherford  and  Qeiger's  determination  of  tlie  charge 
on  an  a  particle  emitted  by  a  radio-aotive  substanoe.  A 
special  method  has  been  devised  by  Rutherford  and  Geiger 
to  find  the  positive  charge  on  the  a  particle  emitted  by 
a  radio-active  substanoe.  The  principle  of  the  method  is  to 
measure  the  positive  charge  lost  by  a  specimen  of  the  radio- 
active material,  and  also  the  total  number  of  the  a  particles 
that  are  emitted.  The  latter  quantity  was  determined  by 
two  methods  which  gave  the  same  result.  The  a  particles 
were  admitted  through  a  small  aperture  in  a  vessel  con- 
taining a  pair  of  electrodes  and  also  a  fluorescent  screen 
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opposite  the  aperture,  (The  aperture  was  covered  with 
very  thin  foil  through  which  the  a  particles  penetrated,  and 
aitor  traversing  the  gas  between  the  electrodes  impinged 
on  the  screen.)  The  advent  of  each  particle  was  indicated 
by  the  appearance  of  a  bright  spark  on  the  screen,  such  as 
are  seen  in  the  spinthariscope  designed  by  Orookea  to  show 
the  emission  of  a  particles  from  radium.  The  number  of 
particles  that  passed  through  the  aperture  in  a  given  time 
were  counted  by  the  number  of  bright  spots  that  occur  on 
the  screen.  It  was  also  found  that  when  the  gas  was 
reduced  in  pressure  and  a  high  potential  was  established 
between  the  electrodes,  a  comparatively  large  instantaneous 
current  passed  between  the  electrodes  when  an  a  particle 
traversed  the  gas.  The  total  charge  on  the  ions  produced 
by  each  particle  along  its  path  between  the  electrodes  was 
not  sufficient  to  produce  an  appreciable  effect,  but  when 
high  potentials  were  used  a  large  additional  number  of  ions 
were  generated  by  the  collisions  with  the  molecules,  so  that 
the  number  that  arrived  at  the  electrode  was  increased  by 
a  large  factor.  The  electrometer  deflections  that  occur  when 
each  a  particle  passes  through  the  gas  are  not  necessarily 
the  same,  Eis  the  particles  may  traverse  different  paths,  but 
that  is  unimportant,  as  in  this  case  it  is  only  necessary 
to  observe  the  number  of  electrometer  disturbances  that 
occur  in  a  given  time. 

The  detector  was  placed  in  different  positions  in  the  field 
traversed  by  the  rays,  and  the  number  of  a  particles 
emitted  per  second  in  various  directions  was  determined, 
and  an  estimate  was  thus  made  of  the  total  number  emitted 
by  the  radium  in  a  given  tima  The  total  positive  charge 
lost  by  the  radium  in  the  same  time  having  been  deter- 
mined, the  charge  on  each  particle  was  found.  The  value 
of  this  charge*  is  9-3  x  10"",  which  is  probably  twice  the 
atomic  charge,  so  that  these  experiments  lead  to  the  value 
4-66x10-"  fore. 


•  E.    Rutlierford  and  H.  Gei^r,  Proc.  Boy.  Soc.  A,  81,  p.   141, 
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173.  Begener's  determinatioii  of  the  charge  on  an  a  particle. 
A.  determination  of  the  charge  on  the  a  particle  was  also 
ttiade  by  Regener,*  who  found  the  value  4-79  x  10"^"  as  half 
the  charge  on  an  o  particle  emitted  by  polonium.  As  in 
ilie  above  method,  the  number  of  a  particles  were  estimated 
by  the  number  of  scintillations  produced  on  a  fluorescent 
■ubstance,  and  the  charge  on  each  was  obtained  from  the 
iotal  charge  on  all  the  particles  that  were  emitted. 

174.  Ferrin's  determination  of  TK,  the  namber  of  molecules 
t>er  oubio  centimetre  of  a  gas.  Application  of  the  kinetic 
theory  to  particles  suspended  in  a  solution.  The  charge 
t  may  also  be  found  from  the  number  N  of  molecules  per 
bubio  centimetre  of  a  gas,  since  the  product  Ne  has  been 
tletermined  accurately.  A  large  number  of  approximate 
batimates  have  been  made  of  N,  depending  on  determina- 
tions of  various  atomic  quantities,  but  there  are  very  large 
differences  in  the  values  found  by  the  different  methods. 
The  most  reliable  method  is  probably  that  recently  devised 
by  Perrin,  which  is  fotmded  on  a  study  of  the  Brownian 
movement  of  small  particles  suspended  in  a  liquid.  These 
experiments  are  of  interest  in  several  respects,  as  they 
exhibit  the  nature  of  the  motions  of  systems  of  particles 
and  afford  direct  proof  of  many  of  the  results  indicated  by 
the  kinetic  theory.  The  particles  being  large  compared 
with  molecules,  their  motion  is  comparatively  slow,  and  by 
the  aid  of  a  microscope  they  may  be  observed  moving 
about  in  a  clear  liquid.  In  the  case  of  the  Brownian  move- 
ment the  particles  are  uncharged  and  the  forces  that  act 
are  gravitational.  Also,  since  the  density  of  the  surround- 
ing fluid  is  of  the  same  order  as  that  of  the  particles,  the 
vertical  component  of  the  hydrostatic  pressure  must  be 
taken  into  consideration,  so  that  the  force  acting  on  each 
particle  is  (m—m')g,  where  m  is  the  mass  of  a  particle  and 
m'  that  of  the  displaced  fluid.  Under  these  conditions 
Maxwell's  equation  of  motion  in  the  vertical  direction  z 
becomes  pjy         dp 

'  E.  Begener,  Sitz.-Bei.  dcrK.  PreusB.  Akad.derWiM.38,  p.  948, 1909. 
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p  being  the  partial  pressure  and  n  the  number  of  particles 
per  cubic  centimetre. 

When  the  steady  state  ia  reached,  the  layers  of  equal  ' 
density  are  horizontal,  and  the  velocity  w  is  zero.     Tho 
corresponding  distribution  is  obtained  by  integrating  the 
above  equation,  and  if  z  be  the  distance  between  two  planes 
at  which  the  distributions  are  «,  and  n^,  the  ratio  n^/n^  is  ' 
given  by  the  formula 

iiogr'i!)^?!"-"''-''. 

When  the  mass  in  of  a  particle  and  the  mass  m'  of  an  equal 
volume  of  water  are  known,  the  kinetic  energy  of  transla- 
tion mry2  may  be  found  by  measuring  the  ratio  n^/ii^. 

175.  Number  of  granules  in  an  emulsion.  An  emulsion 
suitable  for  these  researches  may  be  obtained  by  dissolving  ■ 
some  gamboge  in  distilled  water.  This  solution  contains 
particles  of  various  sizes,  and  it  is  necessary  first  to  prepare 
an  emulsion  containing  particles  ^11  of  approximately  the 
same  size.  By  a  method  of  fractional  centrifaging  the 
smaller  particles  of  diameter  less  than  a  certain  value  u, 
were  removed,  and  from  the  remaining  sediment  a  uniform 
emulsion  was  obtained  consisting  of  particles  of  diameter 
approximately  equal  to  a,. 

The  mass  vi  of  a  particle  wid  the  density  were  determined 
by  different  methods  which  gave  the  same  result.  One  of 
the  methods  was  as  follows  :  let  /x,  be  the  mass  of  distilled 
water  that  fills  a  specific  gravity  flask,  Hg  the  mass  of  the 
same  volume  of  the  emulsion,  and  /jt,  the  mass  of  the  granules 
remaining  in  a  vessel  after  the  water  has  been  removed  by 
evaporation.  The  mass  of  the  intergranular  water  is  jij— fa 
and  the  mass  of  water  that  occupies  the  same  volume  as 
the  granules  is  f/j  — fig  +  nj.  From  these  measurements  the 
mass  m  of  each  particle  and  the  mass  m'  of  an  equal  volume 
of  water  may  be  found,  when  the  total  number  of  particles 
in  a  given  volume  of  the  solution  is  obtained.  The  number 
of  particles  per  cubic  centimetre  of  the  emulsion  may  be 
found  by  counting  the  particles  in  a  small  volume  of  the 
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preparation  contained  in  a  shallow  vessel.  It  would  be 
impossible  to  count  all  the  particles  while  they  are  moving 
about  in  the  liquid,  but  iu  some  of  the  experiments  Perrin 
observed  that  in  a  slightly  acid  solution  the  granules  adhere 
to  the  glass  vessel  that  contains  the  emiilsion.  A  specimen 
of  the  emulsion  under  observation  was  therefore  mixed  with 
a  certain  volume  of  acidulated  water  and  a  small  quantity 
of  the  mixture  was  placed  in  a  shallow  vessel  such  as  is 
used  for  microscopic  observation.  The  granules  disappear 
from  the  solution  and  become  attached  to  the  bottom  of  the 
vessel  and  the  surface  of  the  cover-glass.  The  glass  surfaces 
were  marked  in  small  squares  of  known  area,  so  that  when 
the  particles  contained  in  some  of  the  squares  were  counted 
and  the  average  number  obtained,  it  is  possible  to  calculate 
the  number  v  per  cubic  centimetre  of  the  original  emulsion. 

176.  Diatribation  of  granules  in  a  shallow  vesseL  Obser- 
vation of  Brownian  movement.  When  the  granules  are 
suspended  in  pure  water  they  do  not  adhere  to  the  glass 
but  move  about  in  the  liquid,  and  in  a  shallow  vessel  the 
distribution  may  be  studied  with  the  aid  of  a  microscope. 
The  particles  collect  near  the  bottom  of  the  vessel,  but 
Perrin  observed  that  in  layers  at  small  distances  from  the 
bottom  some  of  the  particles  move  about  in  the  liquid. 

In  order  to  find  the  distribution  at  different  heights,  the 
preparation  was  placed  in  a  shallow  cell  (•!  millimetre  in 
depth)  and  mounted  on  the  stage  of  a  microscope.  Only 
those  granules  can  be  seen  clearly  which  are  present  in  the 
very  thin  horizontal  layer  that  is  in  focus.  By  raising  or 
lowering  the  microscope  the  grannies  in  another  layer  may 
be  seen.  The  vertical  distance  z  between  the  layers  which 
enters  into  the  equation  of  distribution  may  be  obtained 
by  multiplying  the  displacement  a'  of  the  microscope  by 
the  relative  refractive  index  of  the  two  media  which  the 
cover-glass  separates. 

For  the  larger  grannies  (exceeding  in  diameter  6x  10'^ 
centimetre),  the  numbers  in  the  different  layers  were 
obtained  by  instantaneous  photographs,  and  the  ratio  ^i^/^, 
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was  found  by  counting  the  images  of  the  particles.  For 
the  smaller  granules  this  method  was  not  practicable  and 
it  was  necessary  to  make  direct  observations.  This  was 
done  by  limiting  the  field  of  view  so  that  only  five  or  six 
particles  at  the  most  should  be  visible  at  the  same  timo. 
It  was  then  possible  to  count  the  number  in  the  small  area 
at  any  instant,  and  the  mean  of  a  large  number  of  theso  ' 
observations  waa  taken  as  being  proportional  to  the  number 
n^  in  the  layer  that  was  in  focus.  Similar  observations 
were  then  made  at  a  different  level  and  a  number  propor- 
tional to  n^  was  found.  The  value  of  the  quantity  mV^  was 
thus  determined  from  the  equation 

Assuming  that  the  kinetic  energy  of  the  granule  is  equal 
to  the  mean  kinetic  energy  of  translation  of  a  molecule  in 
thermal  equilibrium  with  the  fiuid,  the  number  of  molecules 
per  cubic  centimetre  N  of  a  gas  at  atmospheric  pressure  was 
found  from  the  formula  for  the  pressure  ^mN'V^=  10®. 
The  corresponding  value  of  e  obtained  by  Perrin  *  from  his 
first  experimeats  was  4-1  x  10"'"  electrostatic  unit,  and  on 
repeating  the  investigation  f  the  value  4-25  XI0~'*  was 
obtained. 

177.  Binstein's  mveetigation  of  the  displaoement  of  a 
particle.  Another  experimental  determiuation  was  made 
on  a  different  principle,  suggested  by  Einstein's  tieoretical 
investigation  of  the  displacement  of  a  particle  that  moves 
in  a  solution  and  exerte  a  partial  pressure  equal  to  that 
of  a  molecnle  in  thermal  equilibrium  with  the  solution. 

In  this  investigation  it  was  shown  that  if  a  particle  start 
from  a  point  P^,  and  arrive  at  a  point  P  in  a  given  time  (,  - 
the  mean  square  of  the  distance  between  the  two  points 
(x'  +  y^  +  z^)  may  be  expressed  in  terms  of  gas  constants. 
The  mean  square  a'  of  the  perpendicular  distance  of  the 


t  Ibid.,  1S2,  p.  1380, 1911. 
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point  P  from  &  plane  through  P^  ia  given  by  the  formulite  * 

X^=2Kt  =  t  {-rr , 

fffp  A    Ct 

(-Tf-)  being  — ,  where  E  is  the  kinetic  energy  of  a  molecule 

in  a  gaa  at  temperature  T,  pi  the  coefficient  of  viscosity  of 
the  liquid,  and  a  the  radius  of  the  granula  The  second 
equation  was  obtained  on  the  hypothesis  that  the  velocity 
of  a  small  particle  due  to  an  applied  force  is  given  by 
Stokes's  law. 

178.  Smolaohowski's  iaveatigation  of  the  displacement. 
A  more  direct  iuvestigation  is  that  given  by  Smoluehowski.f 
which  is  founded  on  the  theory  of  probability.  The  col- 
lisions between  a  particle  and  the  molecules  of  a  sarrouQding 
gas  occur  at  various  distances  from  the  initial  position  of 
the  particle,  and  an  expression  may  be  found  for  the 
probability  that  the  nth  collision  should  take  place  within 
any  given  area.  The  probability  p„  (x)  dx  that  in  the  time 
t  the  displacement  in  the  direction  of  the  axis  of  x  should 
lie  between  the  values  x  and  x  +  dx  was  thus  found  to  be 

a     -  — 

n_  (x)  dx  =  — =  f      '    dx, 

from  which  the  mean  distance  x  of  the  particle  &om  the 
plane  in  the  time  t  was  found  to  be 

wiere  ^  =  ViTc  ' 

In  this  notation  the  coefficient  of  diffusion  A'  is  --  so  that 

1  ' 

This  result  is  the  same  as  that  found  by  Einstein,  since 

*  A.  Einitein,  Ann.  der  PhTS.  17,  p.  549,  1905,  and  10,  p.  378, 1906. 
t  H.  SmoluchowBki,  Ball.  Int.  de  I'Acad.  dea  Sc.  de  Craoovie,  p.  202, 

1906. 
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the  mean  square  a?  of  the  displacement  of  the  particle  in 
the  time  t,  as  obtained  from  the  value  of  p„  (a:),  is 


The  case  in  which  a  particle  is  large  compared  with  a 
molecule  was  also  considered,  and  the  following  formula  ■ 
was  obtained  for  the  mean  displacement  A  per  second  of 
a  sphere  of  iBdius  R,  when  the  velocity  due  to  an  applied 
force  is  given  by  Stokes's  law, 

_  4  •/2  c  •/m 
~  9  -/tt   -/^ ' 
-  being  the  kinetic  energy  of  translation  of  a  molecule 

of  the  gas  and  ^  the  coefficient  of  viscosity.  This  formula 
is  only  approximate,  as  it  involves  the  assumption  that  the 
radius  of  the  sphere  is  small  compared  with  the  mean  free 
path,  and  Stokes's  law  does  not  apply  accurately  in  that  case, 

Smoluchowski  *  also  explains  the  fallacy  in  an  objection, 
often  considered  decisive,  to  the  application  of  the  kinetic 
theory  to  particles  which  are  large  compared  with  molecules 
of  the  surrounding  gas  or  liquid.  It  has  been  pointed  out 
that  the  velocity  communicated  to  a  spherical  particle  of 
diameter  -003  millimetre  by  a  collision  wiUi  a  molecule 
of  hydrogen  is  only  2x  10"*  centimetre  per  second,  which 
would  not  be  visible  under  a  microscope,  and  it  has  been 
stated  that  the  impacts  acting  on  all  sides  would  cancel  and 
no  perceptible  motion  would  ensue.  This  resembles  the 
error  in  supposing  that  the  total  amount  lost  or  gained  by 
a  player  in  a  game  of  chance  does  not  exceed  the  amount 
staked  on  each  event.  It  is  well  known  that  in  general 
the  chances  do  not  balance  exactly,  and  the  total  amount 
lost  or  gained  may  increase  with  the  number  of  times  the 
game  is  played. 

Smoluchowski  illustrates  this  remark  by  a  simple  calcula- 
tion based  on  the  supposition  that  the  gains  and  losses  are 

*  M.  Smoluchowski,  loc.  cit.,  p.  5TT. 
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equally  probable,  the  total  number  being  n.  In  considering 
all  possible  combinations,  the  probability  of  the  occurrence 
of  m  gains  and  n—m  losses,  or  an  excess  of  2m— u gains 
over  losses,  is  ™,t 


2"m!  (-n— 771)!' 
aud  when  n  is  large  the  mean  total  gain  or  loss  v  is 


V^ 


When  a  particle  of  large  mass  H  is  surrounded  by  mole- 
cules of  mass  VI,  the  velocity  transmitted  to  the  mass  M 
by  one  collision  with  a  molecule  is  of  the  order  mc/M, 
c  being  the  velocity  of  the  molecule.  When  M  is  the  mass 
of  a  particle  of  an  emulsion  the  velocity  me/M  is  of  the 
order  10"'  centimetre  per  second,  but  in  a  gas  more  than 
10'^  collisions  occur  per  second,  and  in  a  liquid  more  than 
1 0*",  some  accelerating  and  some  retarding  the  motion  of 
the  mass  M.  The  mean  excess  of  the  number  of  collisions 
of  either  kind  is  of  the  order  10*  or  10'"  in  one  second ; 
iience  the  velocity  may  rise  to  10  or  10'  centimetre  per 
second.  This  shows  that  the  objection  to  the  theory  is  not 
justified,  but  the  final  result  is  not  exact,  since  the  change 
in  the  velocity  C  of  the  large  mass  is  not  the  same  at  each 
collision,  it  depends  on  the  absolute  value  of  G,  also  the 
collisions  that  retard  the  motion  occur  more  frequently  than 
collisions  that  accelerate  when  C  is  large.  These  two  factors 
oppose  the  unlimited  increase  of  the  velocity  C.  The  final 
result  obtained  on  the  principle  of  the  equipartition  of 
energy  is  that  the  mean  kinetic  energy  of  translation  of  the 

sphere  — ^  is  equal  to  the  mean  kinetic  energy  of  transla- 
tion of  a  molecule  — —  - 

179.  Value  of  IT  deduced  ftom  determinations  of  the 
displacements  of  a  partiole.  An  experimental  investigation 
of  the  displacement  of  a  particle  in  suspension  has  led  to 
a  confirmation  of  the  theoretical  conclusions,  "When  the 
emulsion  consisting  of  particles  of  known  diameter  and  mass 
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is  sealed  in  a  capillary  tube,  which  is  placed  in  a  vertical 
position  in  a  thermostat  to  prevent  convection  currents, 
the  emulsion  leaves  the  upper  part  of  the  liquid  and  j 
descends  the  same  amount  each  day.  Perrin  thus  found 
that  the  vertical  velocity  w,  due  to  gravity  was  in  agree- 
ment with  Stokes's  law,  G-nfiaWi  =  (m  —  m')g. 

Also,  in  collaboration  with  Chaudesaigues  and  Dabrowski,  ■ 
Perrin  determined  the  mean  square  of  the  horizontal  dis- 
placement per  second  of  a  particle  of  the  emulsion  by 
observing  the  position  of  the  particle  in  a  camera  lucida 
at  definite  intervals.  The  mean  value  x^/t  for  particles  of  ' 
known  diameter  was  thus  found,  and  by  means  of  Einstein's 
formula  ^  ^  .^^     _J_ 

the    kinetic    energy  E  =  -  (-n-)    was    determined.     The   ' 

result  *  of  this  investigation  gives  c  =  4-2  x  10"'°,  which  is 
in  good  agreement  with  that  obtained  by  the  ^rst  method 
from  determinations  of  the  distribution  in  a  shallow  vessel 
when  equilibrium  is  established. 

180.  Theory  of  Brownian  movement.  Determination  of 
E  for  parttdes  in  suspension.  With  regard  to  these  experi- 
ments it  may  be  mentioned  that  the  equation  given  by 
Einstein  for  the  displacement  of  a  particle  is  a  particular 
example  of  a  more  general  formula  which  applies  to  any 
particle  and  does  not  involve  Stokes's  law  which  applies 
only  to  spheres.  The  genera)  expression  for  the  kinetic 
energy  of  agitation  of  a  particle  may  be  obtained  from  ele- 
mentary considerations,  in  terms  of  the  velocity  it'i  due  to 
gravity  and  the  quantity  x^/t. 

The  ordinary  definition  of  the  coefficient  of  diffusion  AT 

dx 
of  the  number  of  particles  that  move  across  unit  area  of 

•  J.  Perrin,  Comptes  rendus,  162,  p.  1380, 1911. 
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a  plane  perpendicolar  to  the  axis  of  x  per  second  in  one 
direction,  over  the  number  that  cross  in  the  opposite 
direction  when  no  external  forces  are  acting.  It  follows 
immediately  from  this  definition  that  the  rate  of  change  of 
the  mean  square  li*  of  the  distances  of  the  particles  in  any 
distribution  from  any  point  is  6^,  provided  that  the 
particles  do  not  come  into  contact  with  a  boundary*. 
Since  Ji*  =  «•  +  y*  +  a',  and  the  motion  is  eymmetrioal  with 
respect   to   the   three  rectangular  co-ordinates,  the  above 

result  may  be  expressed  by  the  equations  —r-  =  3  -^  =  6K, 

The  latter  equation  gives  on  integration  x*~x^  =  2Kt,  or, 
if  the  particles  start  from  the  plane  x=  0, 

^  =  2Kt (1) 

Hence,  when  one  particle  is  considered,  the  mean  of  the 
squares  of  the  distances  traversed  in  the  time  t,  in  a  given 
horizontal  direction  x,  is  2Kt.  The  rate  of  difTusion  K  is 
thus  found  directly  from  the  observations  of  the  positions  of 
a  single  particle  at  various  intervals  of  time  (. 

181.  Bemarkfl  on  Ferrin's  determiaationB.  Values  of  e 
recently  obtained  by  difilerent  metbodB.  The  connection 
between  the  rate  of  diffusion  and  the  kinetic  energy  of 
translation  of  the  particle  may  be  deduced  from  the  general 
proposition  established  in  Section  S4,  which  applies  to  par- 
ticles moving  either  in  gases  or  in  liquids.  It  may  be 
stated  as  follows :  If  a  particle  of  mass  m  move  irregularly 
through  a  medium  with  a  velocity  of  agitation  V,  the  mean 
value  of  the  rat©  of  change  of  the  square  of  its  distance 
from  any  point  dB?/dt  is  connected  with  the  velocity  U 
acquired  under  a  force  F  by  the  equations 
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Eliminating  the  unknown  factor  (^  +  X),  and  substituting! 
for  —TT  its  value  Zx^/t,  the  following  relation  is  obtained :     j 

tM^viYl (2)' 

U  3F  '  '  I 

When  U  is  the  verticRl  velocity  it\  due  to  the  force  . 
(m— m')ff  acting  on  a  particle  in  a  solution,  equation  (2) 


becomes 


</it       K  mV 


(3) 


w,  w^       3  {m—m.')g' 

In  his  fint  researches  Ferrin  determined  the  eqailibrium 
distribution  of  an  emulsion  in  a  shallow  vessel.  In  that 
case  the  number  of  particles  crossing  a  horizontal  plane 
in  an  upward  direction  due  to  diffusion  is  balanced  bj 
the  downward  motion  due  to  gravity.  Hence  n  is  given 
by  the  equation 

„dv, 

K-,    =  ni«, , 
as 

or  -log! -i-l  = -T7-  = -^ ,„  '^' 

Thus  Ferrin 's  results  do  not  involve  the  hypothesis  that 
the  particles  are  spherical  or  that  the  velocity  w,  due  to 
gravity  is  accordance  with  Stokes's  law.  It  is  unnecessary 
to  determine  the  radius  of  a  particle  in  the  emulsion,  or  tlie 

mass  TO,  in  order  to  find  the  kinetic  energy  -— -  •    When 

the  difference  between  the  mass  of  a  particle  and  the  mass 
of  an  equal  volume  of  water  (iJi— m')  is  fooud,  the  energy 

— g —  may  be  determined  either  from  observations  of  tho 

distribution  in  the  steady  state,  which  give  the  value  of 


minations  of  the  quantities  a^/Zf  and  w^  that  were  made  in 
the  subsequent  experiments. 
The  most  accurate  determinations  of  the  atomic  charge. 


DETERMINATION  OP  THE  ATOMIC  CHARGE    259 

therefore,  appear  to  be  the  following:  4-2X10""'  and 
4-25  X  lO"'",  dednced  by  Perrin  from  determinations  of  the 
number  of  molecules  per  cubic  centimetre  of  a  gaa, 
4-65  X  lo"  obtained  by  Rutherford  and  Geiger,  and 
4-79  X  10"^°  obtained  by  Regener  as  half  the  charge  on  an 
oi  particle,  and  the  value  4-77  x  lO"'"  obtained  by  Millikan 
from  measurements  of  the  charge  on  an  ion  in  a  gas. 
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CHAPTER   VIII 

IONIZATION  BY  COLLISIONS  OF  NEGATIVE  IONS  ' 
WITH  MOLECULES  OF  A  GAS 

182.  CondaotiTity  of  ionised  gases  at  low  pressures. 
Ionization  by  collision.  In  the  preceding  chapters  a  namber 
of  experiments  are  described  in  ■which  currenta  are  obtained 
between  electrodes  in  a  gas  when  the  ions  are  generated 
by  rays  emanating  from  an  external  source.  As  the  electric 
force  acting  on  the  ions  is  increased,  the  current  increases 
and  approaches  the  saturation  value,  which  is  attained 
when  all  the  ions  of  one  sign  generated  by  the  rays  are 
collected  on  the  electrode  of  opposite  sign.  For  a  range  of 
forces  above  a  certain  value  X^  the  current  differs  only  by 
a  small  percentage  from  the  constant  maximum  value,  and  i 
no  appreciable  increase  takes  place  until  much  larger  forces  I 
are  applied.  The  force  X,  required  to  produce  a  definite 
increase  above  the  saturation  current  depends  on  the  pres-  : 
sure.  When  the  gas  is  at  atmospheric  pressure  and  the  < 
electrodes  are  separated  by  a  distance  of  the  order  of  one 
centimetre,  the  force  X,  is  very  large  ;  but  as  the  pressure 
is  reduced  Xj  diminishes,  and  with  a  suitable  pressure  a  con- 
siderable increase  may  be  obtained  in  the  current  with 
a  potential  difference  of  fifty  volts  between  the  electrodes. 
The  connection  between  the  current  and  the  electric  force 
is  then  shown  by  the  part  BO  of  the  curve  figure  1,  and 
currents  much  greater  than  the  saturation  currents  may  be 
obtained,  while  the  rays  from  the  external  source  are  acting. 
The  first  experimental  observation  of  this  phenomenon  was  . 
made  by  Stoletow,*  who  used  ultra-violet  light  to  pro- 
*  See  Section  211.  j 
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duc6  the  initial  ionization,  and  subsequently  corresponding 
effects  were  obtained  by  Kreusler,*  and  von  Schweidler  f 
who  used  Bdntgen  rays. 

It  has  already  been  mentioned  that  the  increase  in  the 
conductivity  corresponding  to  this  part  of  the  curve  may  be 
explained  on  the  hypothesis  that  new  ions  are  produced  by 
the  collisions  of  ions  with  molecules.  At  first  the  negative  ' 
ions  alone  generate  others  as  they  move  through  the  gas, 
but  OS  the  force  increases  and  the  sparking  potential  is 
approached,  the  positive  ions  also  acquire  the  property  of 
producing  others  to  an  appreciable  extent. 

In  order  to  test  this  theory,  experiments  J  were  made  on 
the  conductivity  produced  by  Bfintgen  rays  in  a  gas  between 
paratlel-plate  electrodes  at  various  distances  apart,  the 
electric  force  being  maintained  constant.  The  distances 
used  were  1  and  2  centimetres,  and  it  was  found  that  the 
effect  of  doubling  the  distance  was  to  produce  a  large 
increase  iu  the  current,  as  was  indicated  by  the  theory. 
The  experiments  in  feet  showed  that  it  is  necessary  to 
attribute  to  ions  moving  with  comparatively  small  velocities 
the  property  of  producing  ions  from  molecules  of  the  gas 
which  is  possessed  by  particles  moving  with  very  high 
velocities,  such  as  the  cathode  rays  and  the  fi  rays  from 
radio-active  substances. 

It  became  obvious  from  these  investigations  that  in  the 
earlier  experiments  on  the  conductivity  of  gases  at  low 
pressures,  in  which  potentials  of  the  order  of  100  volts 
were  used,  a  considerable  proportion  of  the  ions  were 
generated  by  collisions.  Thus  a  number  of  investigations 
of  the  currents  between  parallel  plates  were  made  by 
Stoletow  in  which  the  conductivity  was  produced  by  the 
action  of  ultra-violet  light  on  the  negative  electrode.  In 
one  series  of  experiments  the  currents  were  measured  with 
different  distances  between  the  plates,  the  electric  force 
being  maintained  constant.    Unfortimately,  the  distances 

'  H.  Kreusler,  Terh.  Phys.  Ges.  Berlin,  17.  p.  86,  1898. 
t  E.  von'Schweidler,  Wien.  Berichte,  18,  p.  273,  1899. 
t  Nature,  62,  p.  340,  Aug.  9, 19O0. 
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used   were  very  small,  ranging   from    -25  millimetre  to 
1.08  millimetre,  and,  with  the  exception  of  the  results 
ohtained  with  one  of  the  pressures,  the  increase  iu  the  ' 
carrent  with  the  distance  was  not  very  large  and   the   ' 
numbers  obtained  did  not  suggest  the  simple  law  that  the  1 
currents  increase  in  geometrical  progression  as  the  distance 
increases  in  arithmetical  progression.  i 

183.  Thomson's  theory  of  aurfaoe  layers.    An  explanation  1 
of  the  phenomena  observed   by   Stoletow   was   given   by 
Thomson*   which   depended  on   the   hypothesis   that   the  -I 
ions  were  all  generated  by  the  action  of  the  light  in  a  layer 
at  or  near  the  surface  of  the  negative  electrode.    If  all  the  ) 
ions  were  generated  exactly  at  the  metal  surface  on  increase 
n  the  distance  between  the  plates  would  not  produce  au  ^ 
increase  in  the  current  when  the  force  at  the  surface  is  \ 
constant.    Hence  in  order  to  explain  some  of  the  experi- 
ments it  is  necessary  to  suppose  that  the  layer  in  which 
the  ions  are  generated  extends  into  the  gas,  and  while  the 
thickness  of  the  layer  exceeds  the  distance  between  the   , 
plates  an  increase  in  the  distance  between  the  plates  will   , 
produce  an  increase  in  the  currentf 

The  theory  thus  provides  a  possible  explanation  of  the   ] 
increase  of  current  with  the  increase  of  electric  force,  since  ' 
the  greater  the  force  the  greater  the  number  of  ions  drawn  I 
from  the  layer;    it   is  also  conceivable   that  the   current   | 
would  depend  on  the  pressure  of  the  gas.     It  is  difficult,  : 
however,  to  accept  the  explanation  of  the  increase  of  the 
current  with  the  distance  between  the  electrodes,  as  it  is 
very  improbable  that  a  layer  of  gas  one  millimetre  thick 
near  the  surface  of  the  metal  should  possess  the  peculiar 
electrical  property  that  when  ions  are  generated  in  it  by 
the  light  an  electric  force  in  the  negative  direction  produces 
a  large  negative  current,  and  no  current  is  produced  when 
the  direction  of  the  force  is  reversed. 


*  J.  J.  Thomson,  Tbe  Dischai^  of  Electricity  through  Qasee  (Atcbi- 
buld  Constable  and  Co.,  1898). 
t  J.  J.  ThomBon,  Pbit.  Mag.  (b)  48,  p.  552,  D^c.  1899. 
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184.  Applioation  of  aollision  theory  to  Stoletow'a  experi- 
ments. The  theory  of  ionization  by  colliBion,  on  the  other 
hand,  provides  quite  a  satisfactory  explanation  of  the  larger 
variations  in  the  currents  in  Stoletow'a  experiments.  For 
although  the  currents  obtained  with  various  distances,  in 
many  cases,  are  not  in  good  agreement  with  those  calculated 
on  the  theory,  more  recent  experiments  with  similar  forces 
and  pressures  but  with  larger  distances  between  the  plates 
show  that  the  currents  obtained  with  ultra-yiolet  light  , 
agree  accurately  with  the  theory,  v  , ' ' 

An  objection  was  raised  to  the  collision  theory  on  the 
ground  that  a  potential  difference  of  50  volts  between  the 
electrodes  is  so  small  that  the  velocity  acquired  by  the  ions 
would  not  be  sufficiently  great  to  produce  ionization  by 
collision.  The  maximum  kinetic  energy  of  the  ions  would 
in  that  case  be  50e/300  whereas  it  has  been  found  by 
Rutherford  and  McClung*  that  the  energy  required  to 
ionize  a  molecule  was  !75e/300.  It  was  supposed,  from 
this  result,  that  ionization  by  collision  could  not  take  place 
until  the  potential  difference  between  the  electrodes  was 
175  volts. 

The  value  of  the  energy  obtained  by  Eutherford  and 
McOlung  was  deduced  from  measurements  of  the  number  of 
ions  generated  by  a  beam  of  rays  in  traversing  a  given 
length  of  a  gas,  and  the  diminution  produced  in  the 
intensity  of  the  rays.  The  estimate  thus  found  represents 
the  energy  required  to  ionize  a  molecule  by  that  particular 
method.  It  cimnot  be  assumed  that  the  energy  would  be 
the  same  in  all  cases,  and  other  methods  might  be  more 
efficient  When  the  rays  traverse  the  gas  the  ionization  of 
molecules  is  not  necessarily  the  only  effect  that  is  pro- 
duced which  contributes  to  the  reduction  in  the  intensity 
of  the  rays,  and  the  proportion  of  the  total  loss  of  energy 


*  E.Rutherfordan(lR.E.MuClaii^,FhiI.Tiani.A,19e,p.25,1901.  (A 
numericai  error  appears  to  have  been  made  in  the  number  given  as  the 
Snal  reault  of  thii  research.  The  energy  required  to  ionize  a  molecule 
bj  this  method  is  that  corresponding  to  a  potential  fall  of  87  volta 
initead  of  175.) 
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to  be  attributed  to  the  process  of  ionization  would  differ  , 
according  to  the  method  used  to  produce  the  ions. 
'    18S.  Effect  of  colliBionB  of  ions  generated  in  a  gaa  between  ' 
parallel  plates.     The  process  by  which  ions  are  generated 
in  a  gas  by  the  action  of  forces  smaller  than  those  required 
to  maintain  a  discharge  may  be  investigated  by  considering 
the    currents   obtained  between    parallel-plate    electrodes 
when  the  initial  ionization  is  produced  by  RSntgen  rays  , 
or  Becquerel  rays,  or  when  negative  iona  are  generated 
by    ultra-violet    light    at    the    surface    of    the    negative 
electrode. 

In  the  former  case  both  positive  and  negative  iona  are 
generated  in  the  gas  initially,  and  from  the  experiments 
with  plane  electrodes  it  is  uncertain  whether  the  additional 
iona  are  due  to  the  action  of  positive  or  negative  ions. 
This  point  has  been  decided  by  experiments  with  electrodes 
of  different  shapes,  and  it  was  found  that  for  the  smaller 
forces  the  effects  are  mainly  due  to  the  action  of  the 
negative  ions.  If  this  be  admitted,  it  is  easy  to  find 
a  formula  for  the  currents  between  parallel  plates  at  various 
distances  apart,  since  the  electric  force  is  constant  through- 
out the  field. 

At  distance  x  from  the  positive  electrode  let  a  number  ji^ 
of  negative  ions  be  generated  initially  by  the  raya :  then  if 
they  generate  others  by  collisions  with  molecules,  and  if 
the  new  ions  possess  the  same  property,  the  number  that 
arrive  at  the  positive  electrode  is  n^t"^,  (x  being  the  num- 
ber generated  by  one  ion  per  centimetre  of  its  path. 

When  the  gas  is  ionized  uniformly  by  the  rays  through- 
out the  whole  distance  between  the  electrodes,  the  number 
of  negative  ions  generated  between  two  parallel  planes  at 
distances  x  and  x  +  dx  frouL  the  positive  electrode  being 
n^dx,  the  total  number  that  arrive  at  the  electrode  is 

a  being  the  distance  between  the  plates. 
The  saturation  current  q^,  which  is  obtained  before  ioniza- 
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tion  by  csollisioii  takes  place,  is  n^a,  hence  the  current  q  for 
the  larger  forces  is 


which  givea  the  value  of  a  for  any  force  when  the  ratio 
—  is  determined  experimentally. 

The  quantity  a  depends  on  the  force  X  and  pressure  p  of 
the  gas,  and  its  values  for  different  forces  may  be  obtained 
from  an  ordinary  currentrelectrio-force  curve  when  there  is 
a  definite  length  of  the  curve  corresponding  to  the  satura- 
tion current  from  which  the  current  q^  may  be  obtained. 
Such  curves  are  easily  obtained  when  the  initial  ionization 
is  produced  by  Kdntgen  rays  or  by  Becquerel  rays  except 
when  the  gas  is  at  a  very  low  pressure. 

186.  Effect  of  initial  distribution  between  the  plates. 
In  the  above  formula  for  the  determination  of  a  the 
initial  distribution  n^  is  assumed  to  be  uniform.  When 
the  rays  do  not  fall  on  the  electrodes  this  condition  is 
satisfied  approximately,  but  at  low  pressures  it  is  more  con- 
venient to  allow  the  rays  to  pass  through  one  electrode  and 
to  fall  normally  on  the  other,  so  as  to  get  the  advantage  of 
the  large  ionization  produced  by  the  secondary  rays. 
A  series  of  experiments  was  made  with  an  apparatus  in 
which  the  primary  rays  after  passing  through  an  electrode 
of  thin  aluminium  fell  on  a  brass  plate  which  gives  off 
intense  secondary  radiation.  In  this  case  a  greater  number 
of  ions  were  generated  near  the  brass  electrodes  than  in 
other  parts  of  the  field,  since  some  of  the  secondary  raya  did 
not  penetrate  the  whole  distance  between  the  plates  even 
when  the  pressure  of  the  gas  was  of  the  order  of  one  milli- 
metre. The  average  distance  traversed  by  the  negative 
ions  was  therefore  larger,  and  more  ions  were  generated 
by  collisions,  when  the  aluminium  plate  was  the  positive 
electrode  than  when  it  was  negative.  Hence  the  currents 
between  the  electrodes  were  not  the  same  in  both  direc- 
tions, on   account   of  the    unsymmetrical   nature   of   the 
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distribution,  bat  the  mean  value  correaponds  approximately 
to  the  current  that  would  have  been  obtained  if  the  initial 
ionization  had  been  uniform. 
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Figure  45.  Current-electric-force  curves  for  air  at  4-13  millimetres 
presaure ;  iuitial  ionization  produced  by  Rontgen  rnja.  Distances 
between  the  plates  2,  1,  and  -5  centimetres. 

187.  CorrentB  depending  on  the  distance  between  the 
eleotrodes.  Setermiaationof  a,  the  number  of  ions  generated 
by  an  electron  per  centimetre-  The  curves,  figures  *  45  and 
46,  give  the  connection  between  the  current  and  the  electric 
force  for  air  at  the  pressures  4-13  millimetres  and  1>  10  milli- 
metres. Three  sets  of  experiments  were  made  at  each 
•  Phil.  Mag.  (6)  1,  p.  198,  Feb.  1901. 
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pressure  with  pistes  st  distances  2,  1,  and  -5  centimetres 
apart,  and  the  curves  show  how  the  effects  obtained  by 
collisions  are  increased  by  increasing  the  distance  between 
the  plates. 


Figure  48.    Current  electric -force   carves  for  air  at  M   millimetre 

treasure ;  ioitinl  ionization    produced    by   BCntgen  ra;i.      Diataucea 
itween  the  plates  2,  1,  anil  -5  centimetreH. 

In  order  to  see  to  what  extent  the  relative  positions  of 
the  curves  are  in  accordance  with  the  theoiy,  the  value  of  a 
may  be  found  for  any  force  and  pressure  by  the  formula 

q  =  q^     ,  from  the  experiments  with  different  distances 

a  between  the  electrodes.    Thus  for  the  pressure  of  4-13 
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millimetres  and  the  force  200  volts  per  centimetre  the 
value  a  =  -50  is  found  from  the  currents  obtained  with 
the  plates  at  2  centimetres  apart,  and  the  value  -SI  from 
the  currents  with  the  plates  at  1  centimetre  apart.  Simi- 
larly, at  the  same  pressure  when  the  force  is  320  volts  per 
centimetre,  the  value  a  =  2-1  is  found  from  the  curve 
corresponding  to  the  distance  1  centimetre  between  the 
plates,  and  the  value  2-2  from  the  curve  for  the  distance 
-5  centimetre.  The  agreement  between  these  numbers 
shows  that  the  effect  of  increasing  the  distance  between 
the  plates  is  satisfactorily  explained  by  the  collision 
theory. 

At  the  pressure  I-IO  millimetres  larger  values  of  01  are 
obtained  when  the  same  forces  are  acting.  Thus  when  the 
force  is  200  volts  per  centimetre  a  =  2-8,  and  for  the  force 
320  volts  per  centimetre  ot  =  5-4.  The  values  of  ot  do  not 
however  continue  to  increase  indefinitely  as  the  pressure  is 
diminished,  bat  a  maximum  value  is  obtained  for  a  certain 
pressure  depending  on  the  force,  and  when  further  diminu- 
tions are  made  in  the  pressure  the  value  of  a  diminishes. 

188.  Taiiation  of  a  with  the  force  and  pressure.  The 
quantity  a  is  a  function  of  the  force  X  and  pressure  p,  and 
varies  with  these  quantities  in  a  manner  that  is  easily 
explained  by  the  theory.  The  negative  electrons  traverse 
free  paths  of  different  lengths  between  their  collisions  with 
molecules,  and  the  velocities  they  acquire  under  the  electric 
force  depend  on  the  length  of  the  free  paths.  At  first  it  is 
only  the  molecules  which  terminate  the  longer  paths  that 
are  ionized  by  the  collisions,  but  as  the  electric  force 
increases  the  velocities  are  increased  and  a  larger  number 
of  molecules  are  ionized.  Hence  when  the  pressure  is 
constant  the  quantity  a  is  negligible  until  the  force  exceeds 
a  certain  value,  then  it  increases  with  the  force  and 
approaches  a  maximum  value,  which  is  obtained  when 
ionization  takes  place  at  each  collision. 

The  value  of  a  also  depends  on  the  pressure.  When  the 
force  is  constant,  a  is  zero  for  large  pressures,  since  the  free 
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paths  of  the  electrons  are  then  very  short  As  the  pressure 
is  reduced  the  lengths  of  the  free  paths  are  increased,  and 
along  some  of  them  the  electrons  acquire  sufficient  velocity 
to  cause  ionization  when  they  collide  with  molecules.  The 
reduction  of  the  pressure,  however,  causes  a  reduction  in 
the  total  number  of  molecules  encountered  by  an  electron 
in  passing  through  a  centimetre  of  the  gas  in  the  direction 
of  the  force.  When  the  presanre  is  very  low,  ionization 
may  take  place  at  each  collision,  bat  the  total  number 
of  collisions  becomes  so  small  that  very  few  ions  are 
generated. 

Hence  when  the  force  is  constant  the  value  of  a  at  first 
increases  as  the  pfessure  is  reduced  ;  for  a  certain  pressure, 
depending  on  the  force,  a  attains  a  maximum  value,  and 
finally  diminishes  with  the  pressure. 

189.  Tolueo  of  a  in  hydrogen  and  oarbonio  acid.  Experi- 
ments *  were  also  made  with  hydrogen  and  carbonic  acid, 
the  initial  ionization  being  produced  by  Bontgen  rays.  The 
currents  obtained  with  di£ferent  forces  X  and  pressures  p 
are  given  in  the  following  tables : 


Cutrenta 

in  hydrogen  between  plates  -53  centimetre  apart;  i 

X 

p-84 

J  =  28-5 

p  =  14-5 

p  =  9-5 

72 

19-1 

11-0 

6.25 

12-5 

215 

!3-5 

287 

16-1 

430 

31-5 

574 

14 

157 

103 

717 

39-7 

234 

789 

247 

23-5 

80-5 

— 

•  J.  S.  TownMnd  and  P.  J.  Kirkbj,  Phil.  Hog.  (6)  1,  p.  680,  June 


^laiiizodbvGoogle 


270    IONIZATION  BY  COLLISIONS  OF  NEGATIVE 


Cuircnte 

in  carbonic 

acid  between  platea  '53  centimetre  apart ; 

Xin 

TOlU  per  centimetre ; 

p  in  mitlimetreE  of  mercury. 

X 

p  =  18-3 
140 

p  =  8-8 

,,  =  3.95 

,  =  1.4 

p  =  .68 

76 

85 

196 

7-6 

5-25 

152 

141 

35-5 

10-8 

81 

804 

38 

30-8 

20 

380 

48 

54-4 

29-3 

456 

75 

95-7 

40'2 

532 

153 

64 

126 

162 

52-9 

608 

88 

216 

250 

72-0 

684 

129 

420 

411 

99-0 

760 

198 

195 

778 

660 

161 

836 

232 

302 

1460 

972 

337 

850 

4830 

.     — 

~ 

The  same  intensity  of  rays  was  not  used  in  the  experi- 
ments at  different  pressures,  so  that  the  numbers  in  a  hori- 
zontal line  do  not  give  the  variations  with  the  pressure 
that  would  be  obtained  with  a  constant  source  of  radiation. 
All  that  is  required  is  that  the  intensity  of  the  rays  should 
be  constant  while  experiments  are  made  at  a  given  pressure 
with  different  forces. 

The  saturation  current  is  given  by  the  current  obtained 
with  the  lowest  force,  when  the  larger  pressures  are  used. 
For  the  smaller  pressures  the  saturation  current  is  smaller 
than  the  current  obtained  with  the  lowest  force,  and  in 
order  to  obtain  the  values  of  ix  for  the  lower  pressures  it  is 
necessary  to  take  into  consideration  the  ions  produced  by 
collisions,  when  the  force  76  volts  per  centimetre  is  acting. 
It  is  not,  however,  possible  to  obtain  very  accurate  deter- 
minations from  the  experiments,  and  it  is  unnecessary  to 
consider  the  beat  method  of  correcting  for  this  effect,  since 
the  values  of  a  for  low  pressures  may  be  obtained  to  a 
higher  degree  of  accuracy  by  experiments  on  the  con- 
ductivity produced  by  ultra-violet  light. 

A  comparison  of  the  results  obtained  with  the  two  gases 
shows  that  additional  ions  are  obtained  by  collisions  at 
higher  pressures  in  hydrogen  than  in  carbonic  acid  when 
the  same  forces  are  acting. 
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190.  Oompaiison  of  the  efi^te  of  eleotrons  aod  p<»itiTe 
ionfl.  In  order  to  show  that,  aa  the  force  increases,  the 
additional  ionization  whicti  is  first  obtained  is  due  to  the 
action  of  the  negative  iona,  the  currents  between  electrodes 
of  varions  shapes  were  investigated.*  If  the  gas  is  con- 
tained inside  a  large  sphere  that  acts  as  one  electrode,  the 
other  electrode  being  a  small  sphere  at  the  centre,  the 
intensity  of  the  electric  force  varies  inversely  as  the  square 
of  the  distance  from  the  centre,  so  that  when  the  potential 
difference  between  the  electrodea  is  gradually  increased, 
ionization  by  collision  takes  place  at  firat  in  the  neighbour- 
hood of  the  inner  electrode.  When  the  outer  sphere  is  the 
negative  electrode,  all  the  negative  ions  generated  by  the 
rayfl  pass  through  the  field  of  strong  electric  force  before 
they  reach  the  inner  electrode.  But  when  the  direction 
of  the  force  is  reversed,  the  negative  ions  move  outwards 
from  the  centre  and  none  pass  through  the  strong  field, 
except  those  generated  initially  in  the  neighhourhood  of 
the  small  sphere.  If  the  additional  ions  which  are  generated 
in  the  gas  as  the  force  increases  are  due  to  the  collisions 
of  negative  ions  with  moleculesj  the  conductivity  should 
therefore  be  much  greater  when  the  large  sphere  is  negative 
than  when  it. is  positive.  It  was  found  experimentally 
that,  as  the  force  was  increased,  currents  much  greater  than 
the  saturation  current  were  obtained  when  the  outer  elec- 
trode WB8  negative,  and  when  the  electric  force  was  reversed 
the  current«  only  slightly  exceeded  the  saturation  current. 

191.  E&tet  of  pressure  on  the  onrrenta  between  oo-axiaL 
Of  linders.  A  convenient  form  of  apparatus  was  used  by 
Kirkby  to  investigate,  more  completely,  the  currents  in 
a  field  in  which  the  electric  force  is  not  uniform.  Two 
co-axial  cylinders  were  used  as  electrodes,  so  that  the 
electric  force  in  the  space  between  them  varied  inversely 
as  the  distance  from  the  axis,  and  a  large  force  was 
obtained  at  the  surface  of  the  inner  cylinder,  which  was 
of  small  diameter.    The  arrangement   of  the  apparatus 

*  Nature,  62,  p.  340,  Aug<ut  9, 1900. 
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is  shown  in  figure  47.    The  outer  cylinder^  (4-16  cm.  in  •; 
diameter),  containing  the  gas,  was  of  aluminium,  in  order 
that  the  Rontgen  rays,  which  were  used  to  produce  the    i 
initial    ionization,    might    pass    through    it.     The   inner 
cylinder  was  a  copper  wire  W  (-206  mm.  in  diameter).    The 
ends  of  the  larger  cylinder  were  cemented   into  grooves 
turned  in  two  ebonite  plates  £,  and  £*,,  and  two  brass  tubes    * 
Ti  and  Tj  were  fitted  into  holes  bored  through  the  centres    . 
of   the    plates.      These   tubes    were    maintained    at    zero 
potential,  so  that  no  leakage  could  take  place  from  the  outer 
aluminium  cylinder  to  the  concentric  wire  excjept  through 
the  gas.    The  wire  was  stretched  between  two  brass  rods    • 
passing  through  ebonite  plugs  P,  and  P^  in  the  ends  of  the 
tubes  2*1  and  T^.    The  wire  being  thus  insulated,  the  charge  ^ 

E,  Ei 


^ 


Figured. 

which  it  acquired  in  a  given  time  while  the  rays  were 
acting  was  measured  by  a  sensitive  electrometer.  With  air 
at  atmospheric  pressure  inside  the  cylinder,  the  conduc- 
tivity is  independent  of  the  direction  of  the  electric  force, 
and  no  appreciable  increase  above  the  saturation  current  is 
obtained  with  potentials  of  the  order  of  200  volts, 

At  low  pressures,  when  the  smaller  electric  forces  are 
acting,  the  currents  in  the  two  directions  are  constant  but 
are  less  than  those  obtained  at  the  higher  pressures,  since 
the  total  number  of  ions  generated  by  the  rays  diminishes 
as  the  pressure  is  reduced.  Also,  at  low  pressures  a  differ- 
ence may  be  observed  in  the  saturation  cnrrents  in  the  two 
directions,  since  the  number  E  of  electrons  in  the  seoonduy 
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radiation  emitted  by  the  copper  wire  ia  appreciable  as  com- 
pared with  the  number  of  positive  or  negative  ions  N 
generated  in  the  gas.  The  saturation  current  JV+  E, 
obtained  when  the  outer  cylinder  is  positive,  ia  therefore 
greater  than  the  saturation  current  N—E  in  the  opposite 
direction,  and  this  difference  becomes  mors  marked  aa  the 
pressure  is  reduced.  Electrons  are  also  emitted  from  the 
surface  of  the  large  cylinder,  but  they  nearly  all  impinge 
again  on  the  cylinder  at  another  point,  and  very  few  are 
discharged  by  the  thin  copper  wire.  As  the  force  increases, 
the  currents  obtained  with  the  outer  cylinder  negatively 
charged  are  much  greater  than  those  obtained  when  it  ia 
positively  charged. 
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Figure  48.    Potential  difference  between  cjlinder  and  t 


Currents  in  air  at  8-53  millimetreB 


f!S™ 


e,  between  a  c;l{DdeT4'15  centi- 


metres diameter  and  a  wire  -206  millimetre  diametei 

192.  Currents  depending  on  tlie  direction  of  the  foroe 
between  oo-axial  cylinders.  The  curves*,  figure  48,  for  air 
at  3-53  mm.  pressure,  are  examples  of  the  current-electric- 
force  curves  obtained  when  the  air  is  ionized  by  ROntgen 
rays.  Curve  1  gives  the  currents  when  the  aluminium 
cylinder  was  at  a  positive  potential.  In  that  case  the 
currents  are  not  mnch  greater  than  the  saturation  current 
when  the  higher  potentials  are  used. 

When  the  outer  cylinder  is  negative,  much  larger  currents 

are  obtained  with  the  higher  potentials,  as  is  shown  by 

•  P.  J.  Kirkby,  Phil.  Mag.  (6)  3,  p.  212,  Feb,  1902. 
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curve  2.  With  an  electromotive  force  of  300  volts,  the 
oarrent  ia  abonb  six  times  as  great  as  the  sataration 
current. 

These  ezperimenta  show  that  as  the  force  ia  increased 
the  additional  ions  that  are  produced  are  due  to  the  action 
of  the  negative  ions.  Kirkby  has  shown  that  the  carrenta 
obtained  when  the  outer  cylinder  is  negative  are  in  agree- 
ment with  those  calculated  from  the  values  of  a  by  inte- 
grating the  effect  produced  by  the  electrons  in  traversing 
the  field  between  the  cylinders. 

The  investigations  of  the  current-electric-force  curves 
thus  afford  very  strong  evidence  in  support  of  the  theoiy  of 
ionization  by  collision,  but  there  are  a  number  of  points  of 
minor  importance  that  have  been  overlooked  in  applying 
the  theory  to  these  experiments.  The  results  are  neverthe- 
less of  importance,  for  although  the  values  of  a  cannot  be 
obtained  with  the  same  high  degree  of  accoracy  as  is 
possible  when  the  initial  ionization  originates  from  the 
surface  of  the  negative  electrode,  the  numbers  that  have 
been  obtained  clearly  show  that  the  negative  ions  generated 
by  Bdntgen  rays  have  the  same  properties  as  those  generated 
by  other  methods. 

183.  Determination  of  «  by  an  aoonrate  meUiod.  The 
most  accurate  method  of  determining  the  ionization  pro- 
duced by  negative  ions  is  to  measure  the  currents  between 
parallel  plates  when  ious  are  set  free  initially  from  the 
surface  of  the  negative  electrode  by  the  action  of  ultra- 
violet light.  When  the  distance  x  between  the  plates  is 
varied  over  a  certain  range,  and  the  electric  force  is 
maintained  constant,  it  has  been  found  experimentally  that 
the  number  of  negative  ions  n  that  arrive  at  the  positive 
electrode  is  given  by  the  formula  n  =  n^f"',  ti^  being 
a  constant  The  range  of  distance  over  which  the  currents 
are  in  accurate  agreement  with  this  formula  is  in  many 
oases  very  large,  so  that  several  currents  differing  by  large 
factors  may  be  found,  and  the  value  of  a  may  be  obtained  to 

a  high  degree  of  accuracy  from  the  ratio   — *  =  «*(^-'^i) 
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of  two  cnirants  correspondiiig  to  distances  x^  and  x^  between 
the  plates. 

A  form  of  apparatus  found  enitable  for  the  measurement 
df  these  currents  is  shown  in  figure  49.  The  light  from 
the  spark  gap  in  the  discharge  circuit  of  a  Leyden  jar 
entered  the  apparatus  through  a  quartz  plate  P,  and  passing 
through  a  second  plate  Q  fell  on  a  parallel  zinc  plate  Z. 
"l^ha  plate  Q  was  silvered,  and  a  small  area,  one  centimetre 
in  diameter  at  the  centre  of  the  plate,  was  ruled  with  fine 
parallel  lines  about  •!  millimetre  wide,  through  which  the 
light    passed.    The    quartz    plate    was    4   centimetres  in 


L,  isa — r" 


Figure  49. 

diameter,  and  since  the  greatest  distance  between  the 
plates  Q  and  Z  was  of  the  order  of  one  centimetre,  the  field 
Of  force  was  uniform  in  the  space  near  the  centre  of  the 
plates  through  which  the  currents  passed. 

The  silver  surfiice  of  the  plate  was  in  contact  with  the 
tnetal  base,  which  was  placed  on  insulating  supports,  so  that 
It  was  possible  to  raise  the  potential  of  the  plate  Q  to  any 
desired  voltage,  by  a,  battery  of  small  accumulators. 

The  zinc  plate  Z  was  fixed  to  a  micrometer  screw  that 

Worked  in  a  thick  insulated  metal  plate  D.    It  was  found 

necessary  to  provide  some  form  of  split  insulation  for  the 

T  2 
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npper  part  of  the  apparatus,  to  prevent  any  leakage  from  the  ■ 
base  over  the  insulating  supports  to  the  plate  D,  which 
was  in  connection  with  the  electrometer.  In  some  esperi-  ' 
ments  the  potential  of  the  plate  Q  was  raised  to  several 
hundred  volts,  and  unless  the  micrometer  apparatus  is  care- 
fully insulated  irregular  electrometer  disturhances  may  take 
place.  The  method  shown  in  the  figure  was  adopted  in 
some  of  the  later  experiments.  The  metal  disc  C  was  , 
supported  on  ebonite  pillars  and  was  maintained  at  zero 
potential.  The  brass  plate  J)  was  insulated  from  the  disc  C 
by  the  ebonite  ring,  so  that  no  charge  could  pass  from  the 
base  to  the  zinc  plate  except  through  the  gas.  The  currents 
between  the  plates  were  measured  by  an  electrostatic  induc- 
tion balance,  as  described  in  Section  20.  The  distance 
between  the  plates  was  adjusted  to  any  required  value  by 
turning  the  forked  axle  A.  The  bearing  of  the  axle  in 
the  brass  stopper  of  the  cover-glafis  was  arranged  as  illus- 
trated, so  that  no  air  should  leak  in  when  the  axle  was 
rotated. 

184.  Currents  depending  on  the  diatanoe  between  the 
electrodes,  the  initial  ionization  being  produced  b7  ultra- 
violet light  on  the  negative  electrode.  In  order  to  obtain 
the  value  of  a  corresponding  to  a  given  force  X  and  pressure 
p,  the  currents  were  determined  with  different  distances  a^ 
between  the  plates,  the  potential  of  the  lower  plate  being 
adjusted  to  the  value  xX.  Since  the  ions  generated  by 
the  ultra-violet  light  do  not  acquire  the  average  velocity 
corresponding  to  the  electric  force  X  until  they  have  passed 
a  small  distance  through  the  gas,  the  currents  were  not 
determined  for  distances  less  than  a  millimetre  between 
the  plates.  For  the  same  reason  very  low  pressures  were 
not  used,  as  the  velocity  of  the  negative  ions  does  not 
approximate  to  the  final  velocity  corresponding  to  the  force 
unless  the  mean  free  path  of  the  electrons  between  colli- 
sions with  molecules  is  less  than  the  shortest  distance 
between  the  electrodes.  When  these  precautions  are 
observed,  the  currents  ■Wj,  tIj,  n^,  ....  obtained  with  the 
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distances  iCj,  x^,  x^,  ,..,  between  the  plates,  are  in  a  con- 
stant ratio  when  equal  increments  iCg— ic^,  «.,— iCj,  ....  are 
made  in  the  distance  between  the  plates,  and  from  the 
determination  of  the  ratio  the  value  of  a  may  be  obtained, 

The  ratio  between  the  sacoessive  currents  remains  con- 
stant for  a  considerable  range  of  distance,  but  as  x  increases 
a  point  is  reached  when  the  currents  increase  more  rapidly 
than  the  value  of  n,  aa  given  by  the  formula  ^i  =  n^f'"'. 
This  shows  that  some  other  form  of  ionization,  in  addition 
to  the  action  of  the  negative  ions  by  collisions,  begins  to 
produce  an  appreciable  effect  when  there  is  a  large  distance 
between  the  plates.  For  simplicity,  therefore,  the  investiga- 
tion may  at  first  be  confined  to  the  results  obtained  with 
the  shorter  distances  in  which  the  ionization  of  the  gas  is 
due  to  the  action  of  negative  ions  only. 

196.  Illnstration  of  the  method  used  to  determine  a.  The 
following  is  an  example  of  an  experiment  in  which  the 
currents  through  air  at  one  millimetre  pressure  were  deter- 
mined for  various  distances  between  the  plates,  the  electric 
force  being  maintained  constant  at  360  volts  per  centimetre  * 
The  distance  a  between  the  plates  in  centimetres  is  given 
in  the  first  line  of  the  table.  The  corrents  q  are  given  in 
the  second  line.  It  is  convenient,  in  order  to  compare  the 
experiments  with  the  theory,  to  choose  the  units  so  that 
the  smallest  current  q^^  may  have  the  value  given  by  the 

equation  2I  —  iS^    The  currents  determined  experimentally 

then  give  the  total  number  of  ions  that  would  be  produced 
if  one  negative  ion,  starting  from  the  negative  electrode, 
travels  with  the  average  velocity  corresponding  to  the 
force  X  for  the  whole  distance  between  the  plates.  Taking 
a  as  5-26,  the  values  of  n  given  by  the  formula  n=  «""• 
represent  the  currents  for  the  shorter  distances,  but  for 
the  longer  distances  it  is  necessary  to  adopt  a  difierent 
*  Phil.  Hag.  (6)  0,  p.  598,  Nov.  1903. 

D,=,i,z<,d=vGoogIe 
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expression  for  n,  obtained  by  considering  tlis  effect  that 
may  be  produced  by  the  positive  ions.  This  has  been  done 
for  the  numbers  in  the  last  line  of  the  table. 

ClTBBEHTS  IN   AIB  AT  1  HiLLIHBTBB  FBSSSUBS. 

a  0  -2  -4  -6  -8  1-0        11 

q  —         2-86       8-8       24-2       81-0 

.*"  I  2-86       8-2       23-4       66-5 


_^,(0-*()B 


1 


166.  Cnxrentfl  obtained  in  helliun  viUi  small  fbroes.  With 
an  apparatus  SQch  as  that  described  above,  the  values  of  a 
may  easily  be  measured  for  most  gases  when  the  pressure 
ranges  from  1  to  10  or  20  millimetres,  and  the  ratio  X/p  of 
the  force  to  the  pressure  is  from  GO  to  1000,  the  force  X 
being  expressed  in  volts  per  centimetre,  and  the  pressure  in 
millimetres  of  mercury. 

A  notable  exception  occnrs  in  the  case  of  helium,  as  large 
e£Fect8  are  obtained  in  this  gas  by  the  collision  of  ions  with 
molecules  when  comparatively  small  forces  are  used.  The 
following  are  examples  of  experiments  made  by  Gill  and 
Pidduck*  in  which  the  values  of  X/p  were  5,  10,  and  20. 
The  corresponding  values  of  a,  deduced  from  the  experi- 
ments, are  given  in  the  last  column. 

CUBBEHTS  IH  HbLIUH. 


49-0  4-77 

—  5-60 

—  318 
X  =  250                   72               295                     —  7-IS 

197.  Experiments  in  whloh  the  aotion  of  positiva  ions  is 
negligible,  This  method  of  finding  the  effect  of  the  negative 
ions  is  more  accurate  than  t}ie  method  in  which  the  values 
of  a  are  deduced  from  the  current-eleotric-force  curve.    The 

-  E.  W.  B,  Clill  and  F.  B.  Fiddack,  Fhil.  Hag.  (6)  23,  p.  837, 1912. 


Pressure  8  mm. 

Z=    80 

2-4 

36 

x  =  m 

6-7 

17-5 

Pressure  10  mm. 

J:-200 

9-4: 

857 

Prsnure  25  mm. 

Jr-125 

6-7 

12-7 
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naml>er  of  ions  set  free  initially  by  the  light  is  the  same 
in  the  experiments  at  various  distances  between  the  plates 
when  the  electric  force  and  pressure  are  constant,  and  the 
effect  produced  by  collisions  while  the  ions  move  with  the 
same  mean  velocity  over  a  measured  distance  may  be  found. 
Also,  it  is  possible  to  observe  when  the  positive  ions  produce 
an  appreciable  efTect,  since  the  ratio  of  the  saccessive 
currents  obtained  by  making  equal  increments  in  the 
distance  between  the  plates  is  then  no  longer  constant,  but 
increases  with  the  distance.  With  a  current-electric-force 
curve  it  is  impossible  to  decide  to  what  extent  the  positive 
ions  contribute  to  the  ionizatioD,  and  in  order  to  ensure 
that  too  high  a  value  is  not  attributed  to  or  with  the  higher 
forces,  it  is  necessary  to  make  determinations  irom  curves 
corresponding  to  different  distances  between  the  plates. 
In  some  of  the  earlier  determinations  this  precaution  was 
not  observed,  and  the  values  of  ot  that  were  given  were 
too  high. 

H98.  a/p  as  a  function  of  X/p.  The  values  found  for  a 
for  various  forces  and  pressures  may  be  recorded  in  a  simple 
manner,  as  it  was   observed  that  when  the  points  whose 

co-ordinates  are  -  and  —  are  marked  on  a  diagram  they 

all  lie  on  one  curve.    The  variables  a,  X,  and  p  are  therefore 

connected  by  an  equation  of  the  form  -=f(—\.    This 

result  was  first  obtained  from  the  determinations  of  o 
deduced  from  the  cnrrent-electric-force  curves  when  the 
conductivity  was  produced  by  the  action  of  Rontgen  rays,* 
and  it  was  subsequently  confirmed  by  the  more  accurate 
determinations  made  with  ultra-violet  light.  Li  some  ot 
these  experiments  f  the  pressures  and  forces  were  chosen  in 
order  that  this  relation  should  appear  by  inspection,  as  for 
example,  the  following  determinations  of  a  in  hydrogen : 

•  Phil.  Mag.  (6)  1,  p.  198,  Feb.  1901. 

f  The  rewarches  publiahed  io  the  Philosophical  Hagaziue  (6)  6,  f .  598, 
Nor.  1908,  and  B,  p.  7&8,  Dec.  1904,  coutun  many  examplet  of  tuch 
experimentt. 
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^  =  8  mm.  X  =  1,050  volts  per  cm.  a  =  14-8 
p  =  4  mm.  X  =  626  volts  per  cm.  a  =  7-4 
p=  2  mm.     X  =     262  volts  per  cm.     o  =    3-7. 

This  connection  between  the  three  variables,  which  was 
deduced  from  the  numbers  found  ezperimentallj,  affords 
the  strongest  evideuce  in  support  of  the  theory  of  ionization, 
by  collision.  For  if  the  number  of  molecules  a  ionized  by 
an  electron,  or  negative  ion,  per  centimetre  of  its  path 
depends  on  the  velocity  with  which  it  collides  with  the 
molecule,  it  may  easily  be  seen  that  a  relation  of  the  above 
form  mufit  hold  between  the  quantities  a,  X,  and  p. 

When  a  negative  ion  traverses  a  centimetre  of  the  gas 
in  the  direction  of  an  electric  force,  it  collides  with  several 
molecules,  some  of  which  become  ionized.  According  to 
the  theory,  the  chance  of  producing  a  new  iou  on  collision 
depends  on  the  velocity  at  impact,  and  in  general  it  is  only 
those  molecules  which  terminate  the  longer  free  paths  that 
are  ionized.  The  velocities  on  impact  depend  on  the 
product  of  the  force  X  and  the  lengths  of  the  free  paths  of 
the  negative  ion,  so  that  if  the  force  X  be  increased  by  the 
factor  z  all  the  velocities  will  be  increased.  If  the  pressure 
p  be  also  increased  to  zp,  then  all  the  free  paths  will  be 
reduced  in  the  ratio  1  to  s,  and  consequently  the  velocities 
of  the  negative  ions  on  coUidiUjg  with  the  molecules  will 
be  restored  to  their  original  values,  and  the  same  proportion 
of  collisions  will  result  in  ionization  as  with  the  original 
force  X  and  pressure  p.  Since  the  number  of  collisions 
per  centimetre  is  increased  in  the  same  ratio  as  the  pressure, 
the  value  of  a  is  thus  increased  to  2  a  when  X  and  p  become 
zX  and  zp.  This  relation  *  may  be  expressed  mathemati- 
cally by  the  equation  a  =  p/(— )  • 


*  A  similar  equation  in  a  diffiirent  notation  waa  subsequently  given 
by  ThomBOn,  who  took  the  view  that  in  a  certain  fraction  of  the  number 
of  colliaionB  the  effect  ofa  collision  ii  to  leave  the  electron  clinging-  to 
the  molecule  with  which  it  collided  and  tbuB  to  end  its  career  as  an 
ionising  agent.     (J.  J.  ThomBon,  Phil.  Mag.  (6)  1,  p.  B69,  April  1901.) 


I  126     n-9     no     10-3       9-1        7-8      64       4-8 
I    9-7       9-4       90       8-5       7-95      7-2      6-85     5-2 
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The  following  table  gives  the  values  of  a/p  in  terms  of 
X/j)  for  the  different  gases.* 

Table  of  Valces  of  a/p, 
j=         1000     900      800      700      600      500       400      300      200      100 
Air  10-5     100       9-3       8-7       7-9        7-0      5-82     44       2-6         -72 

Hydro.    ) 

chloric     t  154     148     140     13-0     11-9      10-5      8-9       6-8       4-1       1-21 

Water 

vapour 

Nitrogen  —        —        —        _        7-0  6-2      5-2       8-95  2-3  42 

Hydrogen  —       _        _        —        —  —       3-7       3-3  2-62  1-86 

Argon  _        _        _        _        9-2  8-5      7-5       6-2  4-4  2-0 

Helium  ____—  ___  287  2-0 

The  results  of  the  experiments  may  also  he  conveniently 
represented  by  means  of  curves  such  as  those  given  in 
figures  60  and  51. 

189.  ITature  of  ions  generated  by  oollision  in  different 
gases.  The  results  of  the  experiments  on  the  ionization  by 
collisions  lead  to  many  conclusions  of  theoretical  interest. 
In  the  first  place  it  will  be  observed  that  all  the  effects  of 
the  negative  ions  are  explained  on  the  hypothesis  that 
after  travelling  a  given  distance  x  the  original  number  is 
multiplied  by  the  factor  t"". 

The  experiments  show  that  all  the  negative  ions  have  the 
property  of  producing  others  by  collisions  to  exactly  the 

*  The  determinations  of—  in  terms  of  —  for  ait,  hydiogen,  carbonic 
acid,  water  vaponr,  and  hydrocliloric  acid,  ai-e  given  in  the  following 
papen  published  in  the  Philoaopfaical  Magazine  (6)  3,  p.  557, 1902;  5, 
p.  B89,  1903;  6,  p.  598,  1903;  B,  p.  736,  19()4.  Further  eiperiment^  on 
carbonic  acid  and  nitrogen  were  made  by  Hurst,  who  also  collaborated  in 
some  of  the  earlier  researches  (H.  E.  Hurst,  Phil,  Mag.  (6)  11,  p.  535, 19061 
The  experitneDti  on  argon  and  helium  were  made  by  Gill  and  Pidducli 
(E.  W.  B.  Gill  and  F.  B.  Pidduck,  Phil.  Hag.  (6)  16,  p.  280,  1908,  and  28, 

p.  837, 1912).     The  numbera  given  in  Chapter  IX  for  —  in  terms  of  —  i 

and  the  experimental  verifications  of  the  tbeoiy  o!  sparking  potential 
mentioned  in  Chapter  X,  are  also  to  be  found  in  these  publications. 
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same  extent.  At  the  beginning  they  consist  principally  of 
the  iona  generated  initially  either  by  rays  or  by  ultra- 
violet light,  but  after  travelling  a  certain  distance  a  large 
number  of  additional  ions  may  be  formed,  so  that  the 
number  n  consists  principally  of  ions  generated  by  collisions 
in  the  distance  x.  The  same  equation  dn  =  oiTidx  holds 
throughout  the  motion  when  the  force  ia  constant,  which 
shoWs  that  a  must  be  the  same  for  the  ions  generated 
initially  as  for  the  ions  generated  by  collisions. 

Considering  the  experiments  with  ultra-violet  light,  in 
which  the  ions  initially  present  are  those  set  free  &om  a 
metal  plate  by  the  action  of  the  light,  it  follows  that  the 
negative  ions  generated  by  collisions  in  any  gaa  have 
precisely  the  ^same  properties  as  the  ions  set  free  by  the 
action  of  ultra-violet  light  &om  a  metal  surface.  It  follows 
from  this  that  the  negative  ions  generated  in  the  different 
gases  are  all  the  same,  being  identical  with  the  ions  set  free 
by  ultra-violet  light  from  the  same  metal  surface. 

300.  ITatnre  of  ions  generated  by  Bdntgen  rays.  The 
negative  ions  generated  by  Rontgen  rays  from  the  mole- 
cules of  a  gas  are  the  same  as  other  negative  ions.  The 
values  of  a  which  have  been  determined  from  the  con- 
ductivity produced  by  Bontgen  rays,  although  not  so 
accurate  as  those  made  with  ultra-violet  light,  are  in  veiy 
good  agreement  with  the  latter,  and  were  shown  to  satisfy 

the  relation  -=ff—\  before  that  property  was  con- 
firmed by  the  more  accurate  experiments.  The  principal 
discrepancies  occur  with  the  larger  values  of  —  which,  as 

has  already  been  explained,  is  due  to  the  fact  that  an 
appreciable  effect  was  produced  by  the  positive  ions  in  the 
earlier  experiments,  which  was  not  recognized  at  the  time, 
and  consequently  the  values  of  a  that  were  obtained  were 
too  large.  The  best  agreement  is  to  be  found  in  the  case  of 
carbonic  acid,  since  the  positive  ions  have  a  much  smaller 
effect  as  compared  with  the  negative  ions  in  this  gas  than 


MO^k 
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I 
is  the  case  with  air  or  hydrogen.     The  following  are  the    . 

values  of  ~  deduced  from  the  diflferent  experiments  with    ' 

carbonic  acid. 

Values  op  -  ik  Cabbohic  Acid,  obtaihid  by  Diffebxht 
Methods. 

J       =  100  200        300        400       500      600     700 

Ionization  produced      -82         3-7         4-8         64         7-8       9-1      10-2 

initiallj  by  ultra- 

violet  light 
loniaation  produced      -80         3^         50        6-8         8-3       M      104 

initially  Itj  ROnt- 

gen  raya 

The  general  agreement  between  the  values  of  -  and  —  > 

deduced  from  experiments  in  which  the  initial  ionization  is 
produced  by  different  methods,  shows  that  the  conductivity    ' 
obtained  in  air,  carbonic  acid,  and  hydrogen  must  be  due 
to  the  same  effect,  and  that  the  negative  ions  generated 
irom  the  molecules  of  the  different  gases  by  the  action  of  i 
Bontgen  rays  are  the  same  as  the  negative  ions  generated    | 
by  the  action  of  ultra-violet  light  from  a  metal  plate. 

20L  Electronic  state  of  uegatiTe  ions.  In  order  to  account 
for  the  large  difference  between  the  positive  and  negative 
ions  it  is  necessary  to  assume  that  the  negative  ions  are  iu 
the  electronic  state,  and  that  the  property  of  generating 
others  by  collisions  is  due  to  the  high  velocity  they  acquire 
while  moving  along  their  free  paths.  More  recent  experi- 
ments have  led  to  results  in  accordance  with  this  conclusion, 
as  it  has  been  found  that  the  velocity  of  the  negative  ions 
under  an  electric  force  is  much  greater  than  the  velocity 
of  positive  ions,  and  also  their  rate  of  difftision  corresponds 
to  that  of  bodies  of  very  small  mass.  What  ia  remarkable 
is  that  the  electronic  state*  begins  to  be  prevalent  for 
values  of  X/p  that  are  much  smaller  than  the  values  at 
*  See  SectioDB  132  and  133. 
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which  the    ionization  by  collisions  becomes  appreciable. 

X  a 

For  example,  in  air  when  ~  is  GO,  -  is  about    12   and 

P  P 

becomes  very  small  for  lower  values  of  X/p.  The  experi- 
ments on  the  velocity  of  ions  show  that  when  X/p  is  -06  the 
velocity  of  the  negative  ions  in  diy  air  is  about  180  centi- 
metres per  second,  or  three  times  as  great  as  the  velocity  of 
the  positive  ions.  This  increase  in  the  velocity  of  the  negative 
ioDS  most  be  due  to  a  diminution  in  the  group  of  molecules 
associated  with  the  negative  electrons  when  X/p  is  very 
email.  The  average  size  of  the  negative  ions  continues  to 
diminish  as  X/p  increases,  and  when  X  =  2  volts  per  centi- 
metre and  p  =  3-8  millimetres,  or  X/p  =  -8  approximately, 
the  velocity  as  found  experimentally  is  10'  centimetres  per 
second,  which,  as  has  beeu  shown  in  Section  132,  corre- 
sponds to  the  value  5-8  x  10"  for  the  ratio  — .  e  beinc  the 
m 

charge  and  m  the  mass  of  a  negative  ion.  This  is  of  the 
same  order  as  quantity  5-3  x  10"  found  by  recent  accurate 

experiments  as  the  value  of  —  for  electrons.     Since  —  is 
^  mm 

10'^  when  m  is  the  mass  of  a  molecule  of  air,  it  follows 
from  these  investigations  that  when  X/p  has  the  compara- 
tively small  value  -5,  the  electronic  state  is  prevalent,  and 

it  is  even  more  i 


value  60,  at  which  —  =  ■12,  the  electrons  move  freely  and 

P 
are  not  associated  with  molecules  of  the  gas. 

303.  Fr^e  electrons  in  gases  at  several  millimetres 
pressore.  The  view  held  by  Thomson,  that  in  an  appre- 
ciable number  of  collisions  the  electrons  adhere  to  molecules 
and  subsequently  cease  to  act  as  ionizing  agents,  is  contrary 
to  the  above  conclusion.  There  does  not  appear  to  be  any 
experimental  evidence  to  show  that  an  appreciable  number 
of  molecules  become  permanently  associated  with  negative 
electrons  when  the  forces  are  sufficiently  great  to  produce 
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iouizatiou  by  collision.  The  measurements  of  the  con-  . 
ductivity  are  in  accurate  agreement  with  the  formulae 
obtained  on  the  hypothesis  that  when  the  negative  ions 
act  as  ionizing  agents,  their  activity  remains  constant  as 
they  move  through  the  gas.  The  connection  which  an 
electron  may  have  with  a  molecule,  if  there  is  any,  must  be 
of  very  short  duration.  The  experiments  from  which  the 
value  of  «/m  were  dedaced  are  also  conclusive  on  this 
point.*  Thus,  for  example,  the  magnetic  deflection  of  a 
stream  of  negative  ions  was  observed  after  the  ions  had 
traversed  6  centimetres  of  air  at  a  pressure  of  3-8  milli- 
metres, under  an  electric  force  of  2  volts  per  centimetre. 
Assuming  the  ions  to  be  in  the  electronic  state,  their  mean 
free  path  in  air  at  that  pressure  wonld  be  aboat  6-4  x  10~^ 
centimetre,  so  that  if  they  travelled  in  straight  lines  along 
the  distance  of  6  centimetres,  each  ion  would,  on  an  average, 
collide  with  7i)0  molecules.  The  number  of  collisions  is, 
however,  much  larger  than  this,  for  while  the  ions  move 
with  a  velocity  of  10*  centimetres  per  second  in  the  direction 
of  the  electric  force,  their  velocity  of  agitation  is  of  the 
order  2-4  x  10'^  centimetres  per  second,  so  that  the  length  of 
the  zigzag  path  they  traverse  in  the  gas  is  twenty-four  ■ 
times  as  great  as  the  distance  they  travel  in  the  direction 
of  the  force.    The  number  of  molecules  encountered  by 

each  ion,  before  the  value  of  —  was  observed,  must  there- 

771 

fore  have  been  of  the  order  2x  10^.  It  follows  from  this 
that  an  electron  may  make  several  thousands  of  collisions 
without  becoming  permanently  connected  with  a  molecule 
of  gas  at  low  pressures,  when  the  electric  force  X  is  not  less 
than  -Sp,  X  being  expressed  in  volts  per  centimetre  and  p 
in  millimetres  of  mercury. 

808.  Effect  of  impurities  on  the  eleotronlo  state.  A  point 
that  should  be  noticed,  which  is  of  theoretical  interest,  is 
that  in  the  experiments  in  which  different  pressures  were 
used  and  the  ratio  X/p  was  constant,  the  values  of  a  were 


'  See  Sections  182  and  133. 
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accnrately  proportional  to  the  pressure.  This  indicates  that 
the  velocity  of  the  electrons  is  a  function  of  X/p  only,  and 
the  law  probably  holds  for  much  wider  ranges  of  pressures 
than  those  over  which  it  has  been  verified  experimentally. 

"With  the  lower  values  of  X/'p,  at  which  ionization  by 
collision  is  negligible,  the  velocity  was  found  to  be  approxi- 
mately  a  function  of  the  ratio  X/p  in  dry  gases,  but  the  agree- 
ment with  this  simple  law  was  not  very  accurate  in  some 
cases.*  In  these  cases  a  small  percentage  of  water  vapour 
produced  a  lai^e  effect  on  the  motion  of  the  negative  ions, 
the  velocity  in  the  moist  gas  being  very  much  less  than 
in  the  dry  gas.  With  these  values  of  Xf^,  -05  to  -6,  water 
vapour  tends  to  increase  the  mass  associated  with  the 
negative  ions,  and  they  do  not  move  as  free  electrons.  At- 
the  higher  values  oSX/p,  when  ionization  by  collision  begins, 
this  effect  disappears  and  electrons  move  freely,  even  in 
pure  water  vapour,  and,  for  the  values  of  X/p  of  the  order 
of  100,  ionization  by  collision  takes  place  in  the  vapour  to 
as  great  an  extent  as  in  air  or  other  gases. 

Similarly  with  other  impurities ;  it  has  been  observed, 
for  instance,  that  the  velocities  of  the  ions  in  argon  and 
nitrogen  are  greatly  reduced  by  small  quantities  of  oxygen, 
the  experiments  being  made  with  foroea  much  smaller  than 
those  required  to  produce  ionization  by  collision.  When 
larger  forces  were  used  and  ions  are  generated  by  collisions, 
impurities  produce  no  very  remarkable  effects,  and  the 
velocity  is  accurately  a  function  of  X/jy,  since  the  value  of 

a  satisfies  the  relation  a  =  pf(—)-    Thus,  in  nitrogen  the 

a.ddition  of  small  percentages  of  oxygen  does  not  give  rise 
to  large  changes  in  the  effects  produced  by  collision,  as  is 
shown  by  the  determinations  of  the  sparking  potentials. 
In  an  experiment  f  in  which  the  gas  was  at  4  millimetres 
pressure  and  the  distance  between  the  electrodes  7-2  milli- 
metres. Hurst  found  that  the  sparking  potential  in  pure 

■  See  8«ctioui  10]  and  108. 

t  H.  E.  Bant,  Hiil.  Hag.  (6)  11,  p.  535, 1906. 

U.,r,l,z<»i.vG00gIe 


288    IONIZATION  BY  COLLISIDNS  OF  NEGATIVE      ; 

nitrogen  was  507  volts,  and  in  nitrogen  containing  1-1  per  <l 
cent,  of  oxygen  the  sparking  potential  was  516  volts.  I 

In  air  the  sparking  potential  at  that  pressure  is  ahout  ' 
670.     In  the  same  way  with  argon  *  the  effects  prodaced    I 
by  collision  in   the  gas  after  it  had  been  purified  were 
practically  the  same  as  those  obtained  with  a  specimen  of  ; 
the  gas  containing  a  small  quantity  of  air,  of  the  order  of 
1  per  cent,  as  measored  by  pressure. 

Helium,  which  has  very  low  sparking  potentials,  appears 
to  differ  in  many  ways  from  other  gases.  The  sparking 
potentials  are  increased,  and  the  oondnctivity  prodnced 
before  sparking  takes  place  is  greatly  diminished,  by  small  . 
percentages  of  air.  The  investigations,  however,  show  that 
these  effects  are  chiefly  dne  to  a  large  redaction  in  the 
activity  of  the  positive  ions,  the  ionization  by  collisions  . 
with  negative  ions  being  much  less  altered  by  the 
impurities. 

204.  Velooit7   of  ions   as   a  flinotion  of  X/p.     It  thus   ' 
appears   that   impurities  have   much   more   effect  on  the 
velocity  of  the  electrons  when  X/p  is  small  than  when  Kfp 
is  large,  and  this  may  be  the  reason  why  the  velocities  of  I 
the    order  of  200  centimetres    per  second,   as    obtained  | 
experimentally,  are  not  accurately  iiinctions  of  Xf^, 

The  theory  on  which  the  general  nature  of  these  phe- 
nomena may  be  explained  indicates  that  in  the  transition 
stage,  when  the  negative  ions  move  as  if  they  were 
associated  with  masses  of  an  order  intermediate  between  , 
the  mass  of  a  molecale  and  the  mass  of  an  ion,  the 
velocity  would  still  be  a  function  of  X/p  only,  in  any 
mixture  of  gases,  provided  the  partial  pressures  of  all  the 
constituents  are  altered  in  the  same  proportion  when  varia- 
tions are  made  in  the  total  pressure  j>.  The  velocity  U 
under  the  electric  force  depends  on  the  average  f  mass 
associated  with  the  ion,  the  pressure,  and  the   electric  j 

force,  and  is  given  by  an  equation  of  the  form   TJ  =  —  •  — . 
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where  D  involves  the  dimensions  of  the  mass,  or  in  general 

U=ift(vi,    -)•    The  average  mass  in  is  not  constant,  but 

is  a  function  of  the  ratio  X/p,  so  that  the  velocity  is  also 
a  function  of  the  same  quantity.  In  order  to  examine 
the  conditions  which  determine  the  average  mass  of  the 
negative  ion,  the  electron  may  be  supposed  to  move  freely  for 
a  time  ^^  during  which  it  makes  a  certain  average  number 
of  collisions  c^  with  high  velocities  with  molecules,  and  that 
state  is  terminated  when  the  electron  happens  to  collide 
with  a  small  velocity  and  adheres  to  a  molecule  of  the  gas. 
It  then  remains  in  connection  with  the  larger  mass  for 
a  time  t^  during  which  c^  collisions  with  molecules  occur, 
but  when  it  happens  that  the  impulsive  force  is  sufficiently 
great  to  break  the  connection  with  the  molecule,  the 
electron  begins  to  move  freely  for  another  period  t-^.  An 
increase  in  the  electric  force  prolongs  the  periods  (^,  as  it 
has  been  shown  that  the  velocity  of  agitation  of  the 
electrons  increases  with  the  electric  force,  and  therefore 
the  occasions  on  which  the  electron  adheres  to  a  molecule 
and  moves  with  a  small  velocity  become  less  frequent. 
The  average  mass,  therefore,  diminishes  as  the  force 
increases. 

If,  however,  changes  take  place  in  which  the  ratio  of  the 
periods  t^  and  t^  remain  unaltered,  the  average  mass  remains 
the  same.  This  is  the  case  when  the  force  and  the  pressure 
of  the  gas,  or  of  each  constituent  of  a  mixture  of  gases,  are 
altered  in  the  same  proportion.  Thus  the  direct  effect  of 
increasing  the  pressure  is  to  diminish  the  lengths  of  all  the 
free  paths,  and  consequently,  if  the  velocities  of  agitation 
remain  unaltered,  all  the  intervals  between  collisions  c,  will 
be  reduced  in  the  same  proportion  as  the  intervals  between 
the  collisions  r,.  When  the  force  X  is  increased  in  the 
same  proportion  as  2>  ^^^  velocity  of  agitation  of  the 
electrons  is  unaltered,  since  the  latter  acquires  a  value 
depending  upon  the  fall  of  potential  along  the  free  paths. 
Hence  when  X  and  p  are  increased  in  the  same  proportion, 
both  the  intervals  t^  and  t^  are  diminished  in  that  proportion 
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and  the  ratio  t^/t.^  is  unstt«red.   The  average  mass  is  therefore   ■ 
a  tiinctiOQ  of  Xjp,  since  it  is  unchanged  when  X  and  p  are 
multiplied  by  the  same  factor. 

There  is  thus  some  reason  to  suppose  that  for  any  mixture 
of  gases  the  velocity  would  be  determined  completely  by 
the  ratio  X/p,  but  when  a  small  quantity  of  one  of  the 
gases,  such  as  water  vapour,  produces  a  large  effect  on  the 
average  mass  of  the  ion,  the  experimental  investigations 
are  not  in  accarate  agreement  with  this  conclusion,  when 
X/p  is  less  than  -1.  It  is  difEcult  to  ensure  that  alterations 
in  the  total  pressure  should  be  accompanied  by  similar 
alterations  in  the  partial  pressure  of  the  water  vapour,  so 
tliat  it  is  uncertain  whether  in  the  transition  stage  the 
velocity  is  a  function  of  X/p  for  all  values  of  the  pressure. 

'  20S.  UotdOQ  of  electrons  when  ionizatioa  by  collision 
takes  plaoe.  Some  information  as  to  the  nature  of  the 
process  of  ionization  by  collision  may  be  obtained  by  con- 
sidering  the  curves  representing  ot/p  in  terms  of  X/p  for  the 
difTerent  gases.  For  convenience,  the  pressure  may  be 
taken  as  1  millimetre,  which  is  the  unit  chosen  in  these  j 
measurements,  and  the  curves  then  represent  the  values  of  ' 
«  in  terms  of  the  force  X  The  phenom^ia  can  be  explained 
on  the  hypothesis  that  a  molecule  may  be  ionized  by  the 
collision  with  an  electron  when  the  latter  is  travelling 
with  a  velocity  exceeding  a  certain  value.  It  may  be 
assumed,  for  simplicity,  that  all  collisions  are  of  the  same 
type  and  that  the  minimum  velocity  required  to  ionize  a 
molecule  has  a  definite  value  depending  on  the  nature  of 
the  gas. 

In  order  to  obtain  an  accurate  expression  for  the  value  of 
ix/p  in  terms  of  molecular  quantities,  which  woulei  apply  to 
the  whole  range  of  forces  that  have  been  used  in  the  experi- 
ments, it  would  be  necessary  to  take  into  consideration  the 
velocity  of  agitation  of  the  electrons.  It  has  been  shown 
that  the  velocity  of  an  electron  in  air  in  the  direction  of  the 
electric  force  is  less  than  the  velocity  of  agitation  for  values 
of  X/p  of  the  order  of  100.    In  these  cases  the  electrons 
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retain  after  collisions  a  considerable  portion  of  the  energy 
they  acquire  under  an  electric  force  while  traversing  the 
free  paths.  The  velocities  might  be  considered  to  be 
distributed  approximately  according  to  Maxwell's  law,  and 
the  mean  square  of  the  velocity  of  agitation  would  be  pro- 
portional to  the  quantity  k,  which  is  a  function  of  the  ratio 
^/p.*  A  complete  investigation  would  therefore  be  very 
complicated  when  all  the  motions  of  the  ions  are  taken  into 
consideration,  but  a  simple  formula  may  be  obtained  which 
gives  the  values  of  a/^i  for  the  larger  values  of  X/p,  if  it  be 
assumed  that  with  the  larger  forces  the  principal  motion  of 
the  electron  is  in  the  direction  of  the  force. 

206.  Simpls  formula  for  a/p  in  terms  of  IL/p,  If  the 
velocity  acquired  by  an  ion  along  its  free  path  ia  reduced  to 
an  average  value  v^  when  it  collides  with  a  molecule,  the 
velocity  at  the  end  of  a  free  path  of  length  x  measured  in 
the  direction  of  the  electric  force  is 


7^ 


2xXe 


Since  the  free  paths  are  of  different  lengths,  the  electrons 
will  collide  with  different  velocities,  and  in  general  those 
molecules  which  terminate  the  longer  free  paths  will  be 
ionized.  The  number  of  collisions  per  centimetre  depends 
both  on  the  velocity  of  agitation  and  the  velocity  due  to  the 
electric  force,  except  when  the  latter  velocity  is  very  large, 
and  in  that  case  the  number  of  collisions  C  per  centimetre 
is  constant,  and  the  number  of  paths  that  exceed  a  certain 
value  X  may  easily  be  expressed  in  terms  of  the  mean  free 
path  ^  In  all  cases  when  the  electrons  move  freely,  their 
velocity  is  so  great  that  the  molecules  of  the  gas  may  be 
considered  to  be  at  rest.  Let  e  be  the  number  of  paths  that 
exceed  the  distance  x,  the  number  of  paths  —dc  of  length 
intermediate  between  x  and  x  +  dx  is  cOdx,  where  Sdx  is 
the  probability  that  a  collision  should  take  place  in  the 
length  dx,  6  being  a  constant  independent  of  c  and  x. 

*  See  Section  130. 
V  % 
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Heuce  dc  =—c6dx, 

or  c  =  Cf-«'. 

The  total  length  of  all  the  paths  being  CI,  where  I  is  th<! 
mean  free  path, 

Jo  0 


When  the  electron  is  travelling  under  the  force  X  the 
velocities  with  which  it  collides  with  molecules  depend  on 
the  values  of  the  quantity  X .  x,  and  when  X .  x  exceeds 
a  certain  potential  V,  new  ions  will  be  generated ;  that  is, 
an  electron  will  be  set  iree  from  the  molecole  and  the 
molecule  or  possibly  an  atom  will  be  left  with  a  positive 
charge.    The  quantity  a  will  be  equal  to  the  number  of  free 

V 
paths  of  an  electron  that  exceed  a;  =  y . 

Hence  a  =  Ct    ^  =  Ct    -t. 

307.  Comparison  of  the  formula  with  the  valaes  obtained  ' 
experimentally.  This  equation  represents  the  connection 
between  a  and  X,  and  if  the  constants  C  and  V  are  chosen 
to  give  the  right  values  of  a  for  two  points  on  the  curve 
corresponding  to  high  values  of  the  force  X,  it  will  be  found 
that  the  above  equation  will  represent  the  values  of  a  for 
a  considerable  range  of  the  larger  forces. 

Thus,  for  air,  taking  C  =  14-6  and  V'=  25-0,  the  following 
table  gives  the  valnes  of  a  found  experimentally,  and  the 

£f 
values  of  Ci    -*"  for  the  different  forces  : 

X  1000     900      800      700      600      500      400      300     200     Ifl 

a  determined) 

eitperi-        \    10-5     lO-O       9-3       8-7       7-9       7-0     5-82       4.4     2-6       -7. 
mentally     ) 

(^-"£     I    10-1       9-7       9-3       8-6       7-9       7-0      5-85      4-3     234     -3 

Thus  the  formula  is  in  agreement  with  the  experiments 
for  foi-ces  exceeding  300  volts  per  centimetre.     The  values 
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of  a  for  forces  larger  than  those  giveQ  ahove  cannot  be 
obtained  aconrately  by  the  direct  experimental  method. 
With  the  large  forces  the  action  of  the  positive  ions  adds 
considerably  to  the  condnctivity,  and  it  is  necessary  to  use 
short  distances  between  the  plates  in  order  to  prevent 
a  discharge  taking  place.  Under  these  conditions  it  is 
difEcnlt  to  obtain  a  reliable  expression  for  the  current  from 
which  the  value  oc  contd  be  obtained,  and  the  most  accurate 
estimate  of  the  mazimnm  value  is  probably  the  number  C, 
which  brings  the  expression  for  a  into  agreement  with  the 
experimental  results  obtained  with  forces  of  the  order 
800  volts  per  centimetre, 

208.  Definitions  of '  ooUisioa '  adopted  in  physioal  investi- 
gationa.  Assuming,  as  in  the  above  investigation,  that  the 
path  of  the  electron  is  approximately  a  straight  line  in  the 
direction   of  the   electric  force,   the   mean    iree    path   of 

the  electron  is  j-,,  since   C  represents  the  total  number 

of  molecules  with  which  the  electron  collides  in  a  path 
of  one  centimetre  length.  The  mean  free  path  thus  found 
is  longer  than  the  mean  free  path  obtained  from  the  kinetic 
theory  of  gases.  The  mean  free  path  of  a  molecule  of  air,  as 
deduced  from  the  viscosity  of  air,  is  7*6  x  10"  centimetre 
at  atmospheric  pressure,  so  that  the  mean  free  path  of 
a  molecule  of  air  at  one  millimetre  pressure  is  6-7  x  10-* 
centimetre.  Since  the  dimensions  of  an  electron  are  small 
compared  with  those  of  a  molecule,  and  the  velocity  of  the 
electron  is  large  compared  with  the  velocity  of  agitation  of 
the  molecules,  the  mean  free  path  of  an  electron  in  air  at 
one  millimetre  pressure  is  5-6  x  5-7  x  10~'=-3-2  x  10"^*. 
Henoe,  according  to  the  definition  of  a  collision  adopted  in 
the  kinetic  theory  of  gases,  the  number  of  molecules  that  an 
electron  would  encounter  in  traversing  a  centimetre  of  air 
at  one  millimetre  pressure  is  31,  or  about  twice  [G  =  14-5] 
the  maximum  value  of  a.  It  is  not  to  be  ejected  that 
these  two  numbers  should  be  equal,  as  the  number  of  colli- 
sions that  may  be  said  to  occur  in  a  path  of  a  given  length 


294    IONIZATION  BY  COLLISIONS  OP  NEGATIVE 

depends  on  the  way  in  which  a  collision  is  specified,  and 
the  definition  soggested  by  the  theory  of  ionization  is  widely 
different  from  that  which  is  fi^tmd  most  convenient  for  the 
purposes  of  the  kinetic  theory  of  gases. 

Since  the  dimensions  of  the  molecules  may  be  obtained 
from  the  determinations  of  the  mean  free  paths,  it  is 
interesting  to  compare  the  radius  <r  of  a  molecule  as  deduced 
from  the  kinetic  theoiy  with  that  obtained  &om  the  mean 

free  path  ^ .    If  the  molecules  be  regarded  as  elastic  spheres, 

the  quantity  Ka'  may  be  deduced  from  the  coefScient  of 
viscosity  of  a  gas,  N  being  the  number  of  molecules  per 
*cabic  centimetre  at  atmospheric  pressure.  Taking  for  JV^  the 
value  3x  10",  the  value  of  o-  may  be  calculated  from  the 
numbers  given  by  Jeana,*  the  mean  radius  of  a  molecule 
of  air  obtained  on  this  principle  being  1-64  xlO~'  centi- 
metre. 

The  experiments  on  the  electrical  conductivity  show  that 
ionization  by  collision  does  not  take  place  every  time  an 
electron  comes  within  the  distance  c  of  the  centre  of  a 
molecule,  however  great  the  velocity  of  the  electron  may  be. 
If  £  be  the  distance  an  electron  must  approach  the  centre 
in  order  that  ionization  may  result  from  the  collision,  the 
total  number  C  of  such  collisions  that  occur  per  centimetre 
in  a  gas  at  a  millimetre  pressure  is 

■ttlPN      .  ™      760(7 

-— -— ;     hence  IP  =  — j^ ; 
760  vN 

and  for  air  the  value  of  i£  is  1-08  x  10'"  centimetre. 

'  208.  Dimensions  of  moleooles.  The  curves  representing 
the  values  of  oc/p  in  terms  of  X/p  for  the  difierent  gases 
may  all  be  represented  by  a  formula  of  the  same  form, 
namely 

CTp 


'  Jeans,  Djnamical  Theoi?  of  Gagep,  p.  251. 
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for  the  larger  values  of  a/p.  The  following  table  givea  the 
values  of  C  and  V  for  the  different  gases,  and  also  the 
values  of  R  and  tr  for  the  radii  of  molecules  as  deduced 
from  the  theory  of  ionization  by  collision,  and  the  theory 
of  the  viscosity  of  gases : 

C  r  CxV  BxW        ax  IV 

S65 


Ail- 

14-6 

25 

Nitrogen 

12-4 

27-6 

Hydrogen 

5-0 

26 

Carbonic  acid 

20-0 

23-3 

Hydrochloric  acid 

22-2 

16-5 

Water  vapour 

12-9 

224 

Argon 
HeTiom 

13-6 

173 

2-8 

12-3 

108 

1-64 

1-00 

1-67 

•63 

1-18 

1-26 

2-00 

1-33 

1-98 

1-02 

1-92 

1-04 

1-60 

A  comparison  of  the  numbers  in  the  last  two  columns 
shows  that  there  is  a  rough  agreement  between  both 
systems  of  measurement.  As  a  rule,  the  larger  values  of  R 
and  (T  go  -with  the  heavier  molecules,  helium  being  the 
most  notable  exception,  as  the  dimensions  of  ths  molecule 
appear  to  be  smaller  than  that  of  hydrogen. 

210.  Average  velocity  of  aa  electron  required  to  ionize 
a  molecule.  Hinimum  velocity  required  to  ionise  a  mole- 
oole.  The  quantity  Ve  represents  the  kinetic  energy  of  the 
electron  when  the  velocity,  is  sufficiently  high  to  produce 
iona  by  collision,  if  it  be  supposed  that  the  mean  velocity 
Vo  at  the  beginning  of  each  free  path  is  small  compared 
with  that  acquired  under  the  electric  force.  This  hypo- 
thesis may  be  justified  by  reason  of  the  fact  that  with 
the  larger  forces  new  ions  are  produced  in  many  cases, 
when  a  collision  occurs,  A  large  proportion  of  the 
kinetic  energy  of  the  electron  may,  under  these  circum- 
stances, be  transferred  to  each  molecule  with  which  it 
collides. 

The  velocity  v  corresponding  to  the  potential  V  may 
easily  be  fotmd  in  terms  of  the  velocity  of  agitation  n  which 
a  particle  of  the  same  mass  would  have  if  in  thermal  equi- 
librium with  the  surrounding  molecules,  by  eliminating  m 
from  the  two  equations 

mJfu.'  =  3  X  10*  and  ■mi;'  =  2eV, 


j.,=,i,z<,d=vGoogIe 
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and  substitating  for  Ne  its  value  1  -23  x  10^",  the  ratio  of  the 
squares  of  the  velocities  becomes 


V  being  expressed  in  volte. 

The  potential  V  deduced  from  the  determinations  of  a/p 
in  terms  of  X/p  gives  an  average  value  of  the  potential 
required  to  produce  an  ion,  but  on  some  few  occasions 
ionization  may  take  place  when  the  electron  is  moving  with 
a  smaller  velocity  than  that  corresponding  to  the  potential  V. 
Lenard  *  has  made  a  special  investigation  to  determine  the  I 
smallest  velocity  of  electrons  at  which  ionization  occurs.  | 
The  electrons  were  generated  by  the  action  of  ultra-violet 
light  on  a  metal  plate  A,  and  moved  under  an  electric  force 
to  a  gauze  G  at  a  distance  1-45  centimetres  from  A.  Beyond 
the  gauze,  at  a  distance  of  3  centimetres  irom  A ,  an  insu- 
lated ring  B  was  set  parallel  to  A  and  G.  The  plate  A  and 
the  gauze  G  were  maintained  at  potentials  K,  and  V.^, 
which  were  adjusted  so  that  the  potential  difference 
Vj-Fi  was  positive  and  less  than  the  potential  V^—V^, 
which  was  also  positive,  V^  being  the  potential  of  the  ! 
ring  B.  Some  of  the  electrons,  which  start  from  A  with 
a  velocity  corresponding  to  the  potential  v,  arrive  at  the 
gauze  with  the  velocity  v+  Tj—  F^,  and  collide  with  mole- 
cules in  the  space  between  G  and  B.  The  ring  S  received 
a  positive  charge  when  the  molecules  were  ionized,  and  the 
negative  ions  returned  to  6,  as  the  potential  Fj—  V^  was 
positive.  The  ring  B  received  only  an  extremely  small 
charge  when  V^~V■^  was  small,  but  when  V^—  V,  exceeded 
8  or  9  volts,  the  positive  charge  increased  rapidly.  With 
air  at  the  pressures  -004  and  -04  millimetre,  Lenard  found 
that  the  limiting  velocity  required  to  ionize  the  mole- 
cules was  that  corresponding  to  a  potential  difference  of 
1 1  volts. 

Franck  and  Hertz  f  have  recently  made  experiments  on 

•  r,  Lenftrd,  Ann.  der  Phyn.  (4)  8.  p.  194,  1902. 

t  J.  Franck  and  G.  Hertz,  Vcrh,  d.  D.  phys.  Gee.  16,  p.  34, 1913. 
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a  similar  principle  with  electrons  emitted  from  a  glowing 
wire,  and  fonnd  values  for  the  minimum  potentials  reqnired 
to  generate  ions  in  different  gases.  The  numbers  obtained 
are  as  follows :  hydrogen  11  volts,  oxygen  9  volts,  nitrogen 
7-5  volts,  argon  12  volts,  helium  20-5  volts,  neon  16  -volta. 

When  the  potential  difference  between  the  two  ends  of 
a  free  path  is  25  volta,  the  velocity  acquired  by  an  ion  or 
an  electron  is  about  twenly-six  times  the  normal  velocity 
of  agitation. 

In  the  case  of  an  electron,  the  normal  velocity  of  agitation 
is  10^  centimetres  per  second,  so  that  the  mean  velocity 
required  to  produce  ionization  by  collision  is  of  the  order 
2-6x10*  centimetres  per  second. 

211.  Stoletow's  experiments  on  the  effect  of  pressure  on 
currents  produced  hy  ultra-violet  l^ht.  An  interesting 
series  of  investigations  has  been  made  by  Stoletow*  on 
the  variation  of  the  conductivity  produced  by  ultra-violet 
light  when  the  potential  difference  and  distance  between 
the  electrodes  were  constant,  and  alterations  were  made  in 
the  pressure  of  the  gas.  It  was  found  that  for  high  pres- 
sures the  current  was  small ;  but  it  increased  as  the  pressure 
-was  reduced,  and  for  a  certain  definite  pressure,  depending 
on  the  intensity  of  the  force,  the  current  attained  a  maximum 
value.  Further  reductions  in  the  pressure  then  produced 
a  decrease  in  the  current,  which  approached  a  definite  value 
when  low  pressures  (small  fractions  of  a  millimetre)  were 
attained.  The  following  table  of  numbers  given  by 
Stoletow  affords  an  example  of  the  variations  in  the 
currents  which  take  place  under  these  conditions.  The 
currents  i  were  obtained  between  parallel-plate  electrodes, 
at  3-71  millimetres  apart,  when  the  potential  difference 
between  the  plates  was  maintained  by  a  battery  of  65  Clark 
cells,  which  is  equivalent  to  93  volts.  The  force  between 
the  plates  was  therefore  250  volts  per  centimetre. 

■  A.  Stoletow,  Journal  de  Physique  (2)  9,  p.  468, 1890. 
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p  (mm.) 
754 
152 


p(mm.) 


8.46 

■64 

13-6 

■52 

26.4 

•275 

32-2 

■105 

48-9 

■0147 

74-7 

■0047 

06-8 

■0031 

102-4 
82-6 
65-8 
63-8 
50-7 
49-6 


With  the  higher  pressures  the  values  of  X/p  are  so  small 
that  there  is  probably  no  effect  due  to  ionization  by 
collision.  There  are,  however,  large  changes  in  the  cnrrents 
when  the  pressure  is  changed  from  754  mm.  to  8^8  mm., 
which  must  be  due  to  a  variation  in  the  number  of  ions  set 
free  from  the  negative  electrode.  When  the  pressure  is 
3-3  millimetres  a  considerable  effect  is  produced  by  colli- 
sions, as  the  value  of  X/p  is  then  76  and  the  corresponding 
value  of  o^  is  -34,  so  that  a  =  1-1  approximately. 

The  ions,  being  set  free  initially  from  the  negative 
electrode  by  the  ultra-violet  light,  start  with  a  velocity 
corresponding  to  a  potential  fall  of  about  2  volta.*  On  the 
average  they  do  not  begin  to  produce  ions  by  collisions  until 
a  velocity  corresponding  to  a  potential  fall  of  25  volts  is 
attained,  so  that  in  the  first  millimetre  no  new  ions  are  pro- 
duced by  collisions.  In  the  remainder  of  the  distance 
between  the  electrodes,  2-71  millimetres,  the  number 
produced  initially  becomes  multiplied  by  the  factor 
gi.ix.a7]  _  1.36^  Qj.  2g  pgj.  oemi,  q[  the  total  number 
that  arrive  at  the  positive  electrode  are  produced  in  the 
gas. 

The  current  due  to  the  ions  set  free  by  the  direct  action 
of  the  light  at  the  pressure  3-3  millimetres  is  therefore  36. 
This  is  greater  than  the  currents  at  the  higher  pressures, 
so  that  the  number  of  ions  set  free  by  the  light  diminishes 
as  the  pressure  is  increased. 

At  the  lowest  pressures  the  current  approaches  a  constant 

value  equal  to  the  rate  at  which  ions  are  set  free  from  the 

'  See  Section  52. 
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metal  plate,  for  in  these  cases  there  £b  bo  little  gas  between 
the  plates  that  the  great  majority  of  the  ions  do  not  collide 
with  molecules  of  the  gas  while  they  traverse  the  distance 
between  the  electrodes.  The  exact  effect  of  collisions  at 
the  lowest  pressures  may  easily  be  found.  Since  X/p  is  very 
large,  a/p  has  the  maximum  value  14-6,  and  at  the  pressure 
■0047  millimetres,  a  =  -oes.  Hence  about  2  per  cent,  of 
the  current  at  that  pressure  is  due  to  ions  generated  in 
the  distance  2-71  millimetres. 

213.  Fhoto-eleotrio  ourrents  obtained  with  small  forces. 
When  similar  experiments  were  made  with  smaller  potential 
differences  between  the  electrodes,  the  variations  in  the 
current  were  not  so  well  marked.  The  current  underwent 
smaller  changes  with  variations  in  the  pressure,  and  when 
the  potential  difference  between  the  electrodes  was  of  the 
order  30  volts,  there  was  no  maximum  at  any  particular 
pressure,  but  the  current  increased  continuously  as  the 
pressure  was  reduced  from  760  millimetres,  approaching 
a  constant  value  when  the  air  was  at  a  pressure  of  a  small 
fraction  of  a  millimetre. 

"When  higher  potentials  up  to  200  volts  were  iised,  the 
currents  underwent  larger  changes  as  the  pressure  was 
altered,  and  a  maximum  value  was  attained  at  a  certain 
definite  pressure  p„,  depending  on  the  force  X.  At  the 
lowest  pressures  the  current  assumed  the  same  value  as  was 
obtained  wiUi  the  lower  forces. 

These  effects  obtained  with  the  larger  forces  may  be 
explained  on  t^e  hypothesis  that  the  variation  in  the 
number  of  ions  set  free  by  the  direct  action  of  the  light  is 
comparatively  small,  and  the  large  changes  in  the  currents 
obtained  by  altering  the  pressure  are  due  to  the  changes  in 
the  number  of  ions  generated  in  the  gas. 

218.  Pressore  oorresponding  to  the  maximam  ouirent. 
The  point  at  which  the  maximum  current  was  obtained 
was  examined  under  various  conditions,  and  it  was  found 
that  the  pressure  p^  for  which  the  current  is  a  maximnm 
is   exactly   proportional   to    the   electric   force   X,   and   is 
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independeot  of  the  distance  between  the  plates.  The  actual 
valae  of  the  maxinmin  current  depends  on  the  product  of 
the  distance  and  the  electric  force,  or  the  potential  differ- 
ence between  the  plates. 

Stoletow  gives  the  following  values  of  the  pressure  corre- 
spondiug  to  the  maximnm  current,  obtained  in  a  series  of 
experiments  in  which  various  forces  and  distances  between 
the  plates  were  used. 

The  first  colomn  of  nambers  E  (d)  denotes  the  potential 
difference  between  the  electrodes,  the  unit  being  the  electro- 
motive force  of  a  Clark  cell.  The  distance  I  between  the 
plates  is  given  in  millimetres,  the  pressure  p„  at  which 
the  current  attains  a  mazimmn  value  is  in  millimetres  of 


pj.i 


10*  given  in  the  last 


mercury,  and  the  quantity  p-j.  ■» 

column  is  proportional  to  the  ratio  of  the  pressure  p,„  to 

the  electric  force  -p  - 

E{cl) 
165 


^{mm.)         p„{mm.) 


65 


3-71 
3-60 


25-3 
13-5 


■67  . 


E{ct) 

.     383 

.     384 

.      383 


■43  . 


387 


The  nambers  in  the  last  colnmn  show  that  the  ratio 
-Y  is  constant,  and  when  the  force  is  expressed  in  volts 
per  centimetre  />„  is  given  by  the  formula  ' 

"372' 


"™  379 ' 


214.    Maximnm   value  of  a:  when   X  is  constant  and  p 
varies.    Since  the  potentials  E{d)  were  too  small  to  cause  [ 
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appreciable  iouizatiou  by  the  action  of  the  positive  iona, 
the  variations  in  the  uumbera  of  ions  generated  in  the  gas 
must  be  attributed  to  the  changes  in  the  quantity  a  caused 
by  changing  the  pressure.  The  force  X  being  constant,  the 
value  of  p  for  which  a  ia  a  maximum  may  be  found  by 

differentiating  the  equation  -  =/  (— )  - 

Thus  d.  X       X       X,^^ 

dp      "^  ^p'       p''    ^p^ 

The  latter  expression  involves  —  only,  and  if  ^  be  the 


depending  on  the  form  of  the  function  /,  it  follows 
that  the  pressure  p,^  ia  proportional  to  X,  which  agrees 
with  the  result  obtained  by  Stoletow.*  It  is  not  necessary 
to  express  the  function  in  an  algebraic  form  to  find  the 

value  of  p^  corresponding  to  a  given  force.     Since  -  is 

X 
given  by  means  of  a  curve  in  terms  of  — ,  the  above  equa- 

X 
tion  for  —  may  be  written 

i_^/'(Z)  =  0,  or   S  =  & 

Pm       Vm        Pm  *       ^ 

where  x  and  y  are  the  co-ordinates  of  points  on  the 
curve.  The  latter  form  shows  that  x  and  y  are  the  co- 
ordinates  of  the  point  of  contact  of  the  tangent  from  the 

origin.    The  value  of  —  may  therefore  be  obtained  by  a 

simple  geometrical  construction.  If  the  tangent  be  drawn 
to  the  curve  obtained  with  air  the  point  of  contact  is  near 

the  point  whose  ordinates  are  —  =  370,  -  =  5-5.    There  is 
*-  P  P 

*  Thia  explanation  of  Stoletow'i  experimenti  appeared  in  the  Philo- 
sophical Magazine  (6)  1,  p.  198,  Feb.  1901.  It  was  subaequently  adopted 
by  J.  J.  ThoDuoo,  Conduction  of  Electricity  through  Oases,  1903  edition, 
pp.  233-4. 
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thus  an  accurate  agreement  with  Stoletow's  result  that  the 

maximum  current  occurs  at  the  pressure  p^  =  — ~  • 

The  maximum  value  of  a  and  the  pressure  p^  corre- 
sponding to  a  given  force  X  may  also  b©  found  by  diffe- 
rentiating, with  respect  to  p,  the  equation 

CYp 


since  this  formula  for  oc  is  in  agreement  with  the  numbers 

found  for  a  range  of  values  of  —  that  include  the  point  of 

contact  of  the  tangent  from  the  origin  of  co-ordinatea  to 

the  curve  y=f(x). 

,  _crp  cvp 

Thus  ¥^  =  Ct    ~T^Pc>Vf~~-^  =  <}. 

dp  A 

Hence  ?-»  =  gT 

X_ 

''V€' 

logarithms. 

For  air  the  value  of  CV  was  found  to  be  366.  The  corre- 
sponding numbers  for  the  other  gases  are  given  in  the 
table  of  constants,  Section  209. 

ai6.  Maximum  ourrent  corresponding  to  a  given  force. 
It  is  more  diMcult  to  estimate  the  maximum  value  of  the 
current  to  the  same  degree  of  accuracy.  It  has  been  shown 
that  the  currents  between  electrodes  are  given  by  the 
expression  n  =  n^f'"^  when  the  distances  x  between  the 
electrodes  lie  between  certain  limits.  If  the  ions  were 
started  initially  with  a  mean  velocity  corresponding  to  the 
force  X,  then  ionization  by  colUsion  would  take  place  in 
the  layers  of  gas  near  the  plane  a:  =  0  at  the  same  rate 
as  at  other  points  between  the  electrodes,  and  the  maximum 

value  of  the  current  would  be  7i(,t*'',  tiq  being  the  number 
starting  from  the  negative  electrode.    The  ions,  however, 
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only  start  with  a  small  velocity  from  the  negative  electrode, 
and  acquire  the  property  of  generating  others  by  collisions 
after  travelling  a  short  distance  Z,.  Hence  if  n^  be  the 
number  that  arrive  at  the  distance  Z,  from  the  negative  elec- 
trode, the  number  that  arrive  at  the  positive  electrode  will  be 

%  e     f *      * 

With  a  given  potential  difference  v  between  the  plates, 
the  maximum  value  of  a  is  -.k  >  and  since  the  current 

depends  on  ax,  the  beat  conductivity  is  obtained  with  those 
gases  for  which  V  is  small,  such  as  helium,  hydrochloric 
acid,  and  argon.  Hydrochloric  acid  or  carbonic  acid  would 
give  results  in  accordance  with  the  formula  for  a  large 
range  of  potentials,  since  ionization  by  positive  iona  does 
not  take  place  in  these  gases  until  comparatively  large 
potentials  are  used. 

216.  Ionization  b;  oatbode  rays  and  /3  rays.  Another 
series  of  investigations  that  are  of  interest  in  connection 
with  these  results  are  the  measurements  of  the  conductivity 
produced  by  electrons  moving  with  velocities  much  greater 
than  those  attained  with  the  highest  forces  used  in  the 
above  experiments.  The  average  velocity  of  the  electrons 
travelling  under  the  electric  force  of  1,000  volts  per  centi- 
metre in  air  at  one  millimetre  pressure  probably  did  not 
exceed  the  value  5x10^  centimetres  per  second.  The  velocity 
of  the  fi  particles  emitted  by  radio-active  substances  is  very 
much  higher,  and  for  some  rays  the  velocity  approaches  the 
value  3x10"*.  The  cathode  rays  have  velocities  inter- 
mediate between  these,  and  the  momentum  which  is 
imparted  to  them  is  sufficiently  great  to  cause  them  to 
penetrate  short  distances  in  air  at  atmospheric  pressure, 
as  in  Lenard's  experiments.  In  these  oases,  the  number  of 
pairs  of  ions  generated  per  centimetre  of  the  path  of  an 
electron  in  air  at  one  millimetre  pressure  is  much  less 

*  The  Theory  of  loniuition  of  Gases  by  ColluioD,  p.  35. 
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than  14-6,  which  is  the  mazimnm  uumher  generated  by  an 
electron  travelling  under  an  electric  force. 

217.  loniEation  prodaoed  by  fi  rays  and  Z<enard  rays. 
DoTSOk's  expeiimenta.  Thia  was  first  shown  conclusivelj 
by  Durach'e*  experiments,  in  which  he  measured  the 
currents  between  electrodes  in  air  at  a  low  pressure  when 
electrons  are  projected  with  a  high  velocity  through  the 
gas  in  a  direction  normal  to  the  electrodes.  In  the  experi- 
ments with  /9  rays,  the  electrode  which  was  traversed  by 
the  rays  was  a  thin  alumininm  plate,  and  was  made  the 
high-potential  electrode.  The  opposite  plate  was  of  thick 
lead  to  absorb  the  j3  particles,  and  was  faced  with  a  sheet  ol 
aluminium  so  as  to  reduce  the  secondary  rays. 

The  charge  acquired  by  the  lead  plate  was  due  to  the 
absorption  of  ff  particles,  and  also  to  the  ions  generated 
in  the  gas  between  the  plates.  Thus  if  »  be  the  number  of 
^  particles  that  traverse  the  gas  per  second,  and  n'  the 
number  of  pairs  of  ions,  generated  in  unit  distance  in  the 
gas  between  the  plates,  the  current  is  In'  —  n  or  (n'+ii, 
according  as  the  alumininm  electrode  is  maintained  at  a 
positive  or  negative  potential.     If  c,  and  c^  be  the  two 

currents,  the  ratio  —  is  obtained  irom  the  equation 

In'  _Cj+c^ 

n  ~  Cj— c, 

When  the  pressure  of  the  air  between  the  plates  was 

altered,  c^  +  c^  increased  in  proportion  to  the  pressure  and 

Cj  -  C|  remained  constant    For  one  millimetre  pressure  the 

value  obtained  for  the  ratio  —  was  -17.    Hence  each  S  par- 
it  '^ 

tide  iirom  a  radio-active  substance  ionizes  on  an  average 
one  molecule  when  traversing  a  path  of  6  centimetres  of 
air  at  one  millimetre  pressure.  This  number  is  very  small, 
as  it  follows  from  the  kinetic  theory  that  the  ^  particle 
would  encounter  180  molecules  in  that  distance.  The  elec- 
trons must,  therefore,  pass  through  most  of  the  molecules 

*  J.  J.  E.  Durack,  Phil.  Hag.  (6)  6,  p.  550,  190B. 
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without  causing  ionization  to  take  place  when  the  velocity 
is  very  high,  and  since  they  traverse  considerahle  distances 
through  gases  with  veiy  slight  diminution  in  their  velocity, 
the  motion  cannot  bo  much  retarded  by  passing  through 
a  molecule. 

By  similar  methods  Durack  found  for  Lenard  rays  (cathode 
rays  that  have  traversed  a  thin  sheet  of  aluminium)  that 
on  an  average  each  electron  in  the  cathode  stream  generates 
■4  pair  of  ions  in  traversing  a  centimetre  of  air  at  a  milli- 
metre pressure.  The  electrons  in  this  case  were  moving 
with  velocities  much  less  than  those  of  the  j3  rays. 
Owing  to  the  difficulty  of  estimating  the  effects  of  secondary 
ionization  in  these  experiments,  it  is  uncertain  whether 
the  difference  between  the  final  results  is  due  to  an  error 
arising  from  this  cause  or  whether  the  number  of  ions 
generated  per  centimetre  increases  as  the  velocity  of  the 
electron  is  reduced. 

218.  Xonisation  depending  on  the  velooity  of  the  rays. 
Q-lBuon's  experiments  with  oathode  rays.  Further  experi- 
ments on  this  subject  have  recently  been  made  by  Glasson,* 
in  which  the  ionizing  power  of  cathode  rays  was  investi- 
gated with  a  view  to  finding  the  effects  produced  by  particles 
moving  with  different  velocities.  The  apparatus  used  for 
this  purpose  is  illustrated  in  figure  52. 

The  rays  were  generated  in  the  discharge  tube  D,  which 
is  of  a  simple  form  containing  a  cathode  C  directly  opposite 
the  anode  A.  A  small  hole  was  bored  in  the  centre  of  the 
anode,  and  a  tube  T  was  joined  to  the  back  of  the  electrode 
through  which  the  cathode  rays  (emitted  by  O)  passed  and 
entered  the  chamber  B.  The  latter  was  a  brass  cylinder 
having  two  small  side-tubes  iSf,  and  S^  at  points  separated 
by  an  angular  distance  of  90°.  The  axis  of  the  cylinder 
was  perpendicular  to  the  direction  of  motion  of  the  rays, 
and  a  solenoid  was  wound  round  the  cylinder  so  that  when 
a  current  waa  fiowing  in  it  a  uniform  magnetic  field  H  was 
created  inside  B. 

'  1.  L.  QlMton,  PhiL  Hag.  (6)  32,  p.  647, 1911. 
ml  X 
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Ttie  side-tube  S^  opened  into  a  brass  cylinder  E  con- 
taining a  small  insulated  aluminium  box  F  with  a  wide 
opening.  The  cathode  rays  emitted  by  the  negative 
electrode  G  entered  the  cylinder  B,  and  when  there  was 
no  magnetic  force  they  impinged  on  the  surface  at  a  point 
P.  When  a  current  was  sent  through  the  solenoid  the  rays 
were  deflected  through  different  angles  as  they  emerged 
from  the  tube  T  with  different  velocities.  Their  paths  in  , 
the  magnetic  field  are  circles  touching  the  line  GP  at  T, 


Figure  5: 


and  the  radius  R  of  the  path  of  those  that  enter  the  tube 
/Sj  is  equal  to  the  radius  of  the  cylinder  B.  The  velocity  v 
of  these  rays  is  given  by  the  equation 


R 


=  Hev. 


When  they  pass  through  the  opening  in  the  tube  S^  they 
ionize  the  gas,  and  entering  the  box  F  impinge  on  the  . 
surface  remote  from  the  aperture.    The  secondary  rays,  or 
rays  irregularly  reflected  from  the  aluminium,  are  given 
off   in   all   directions,   and   very   few   escape   through   the 
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opening  in  F.  Also,  most  of  the  iona  generated  inside  F 
either  recombine  or  are  lost  by  diffusion  to  the  inner 
surface,  and  only  a  very  small  proportion  emerge  through 
the  aperture  when  the  potential  of  the  box  F  is  raised 
above  that  of  the  surrounding  cylinder  E. 

The  box  F  was  connected  to  one  terminal  of  a  battery, 
the  other  terminal  being  connected  to  earth  through 
a  sensitive  galvanometer,  since  the  currents  obtained  with 
cathode  raya  are  so  large  it  is  unnecessary  to  use  an  electro- 
meter to  measure  them.  The  cylinders  E  and  B,  and  the 
positive  electrode  A  of  the  discharge  tube,  were  also  con- 
nected to  earth,  ao  that  after  emerging  from  the  tube  T  the 
rays  are  not  affected  by  electric  forces.  The  potential  of 
F  was  too  small  to  alter  the  motion  of  the  raya  appreciably, 
and  was  just  snfScient  to  collect  all  the  iona  generated  in 
the  gas  by  the  rays  on  the  outer  surface  of  F,  which  acted 
aa  one  electrode,  and  the  inner  surface  of  E,  which  acted  as 
the  other  electrode. 

The  current  through  the  galvanometer  consists  of  the 
current  n  carried  by  the  cathode  raya,  and  the  current  n'l 
due  to  ions  generated  by  the  cathode  rays  while  traversing 
the  molecules  in  the  distance  I  from  8^  to  F.  The  latter 
current  may  be  either  positive  or  negative  according  to 
the  potential  of  the  cylinder  F.     If  c,  and  c^  be  the 


that  the  number  of  iona  —  generated  per  centimetre  by  each 

electron  in  the  cathode  stream  was  determined. 
The  pressure  was  varied  within  certain  limits  and  the 

ratio  —  was  found  to  be  proportional  to  the  presaure  when 

the  velocity  of  the  rays  was  constant,  that  is,  when  the 
same  current  in  the  solenoid  waa  used  to  deflect  the  rays 
into  the  tube  S,.  In  these  experiments  there  was  open 
communication  between  the  variona  parts  of  the  apparatus 
so  that  the  pressure  waa  the  same  throughout,  and  it  was 
X  2 
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necessary  to  use  small  pressures  so  as  to  obtain  cathode 
rays.  The  highest  pressure  attainable  under  this  condition 
was  -2  mUlimetre,  and  the  pressure  was  varied  from  -2  to 
•1  millimetre.  The  potential  required  to  maintain  the 
discharge  in  the  tube  D  varies,  and  with  low  pressures  it 
increases  rapidly  as  the  pressure  is  reduced.  The  velocity 
imparted  to  the  cathode  rays  is  therefore  larger  with  the 
low  pressures  than  with  the  high  pressures.  In  this  way, 
rays  with  velocities  difiFering  over  a  large  range  may  be 
obtained. 

If  p  be  the  pressure,  a„  the  number  of  ions  generated 
per  centimetre  in  air  at  one  millimetre  pressure  by  an 
electron   projected  with   a  velocity  v,   the  value  of  a^ 

was  deduced  from  the  ratio  — ,  since  n'=pa.n,  and  the 

velocity  v  was  obtained  from  the  intensity  Jf  of  the  magnetic 
field  required  to  make  the  electron  move  in  a  circle  of  radius 
R  while  in  the  cylinder  B. 

The  following  table  contains  the  values  of  ct^ ,  correspond* 
ing  to  different  velocities  v  of  cathode  rays,  as  given  by 
Grlasson: 


4-08 

2^1 

442 

1-72 

4.76 

1.53 

5-10 

1-38 

544 

1-26 

5.78 

112 

The  numbers  show  that  with  high  velocities  of  the  order 
6x10*  centimetres  per  second  the  number  of  molecules 
ionized  by  an  electron  per  centimetre  of  its  path  diminishes 
as  the  velocity  increases. 

2ie.  Aotion  of  rars  of  various  types.  The  effect  produced 
by  an  electron  thus  depends  on  the  order  of  the  velocity 
with  which  it  moves  through  the  gas.  The  results  of  the 
experiments  with  the  higher  velocities  may  be  summarized 
as  follows : 
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In  a  path  of  one  centimetre  in  air  at  a  millimetre 
preasnre,  each  p  particle  emitted  with  velocities  from 
2x  10^°  to  2-Sx  10'"  centimetres  per  second  generated  on 
an  average  '17  pair  of  ions. 

A  cathode  ray  particle  travelling  witii  a  velocity  of 
4  X  10*  centimetres  per  second  generates  2  pairs  of 
ions. 

An  electron  moving  under  an  electric  force  of  1,000  volts 
per  centimetre  generates  10  pairs,  which  increases  to  a 
maximum  of  14-6  as  the  force  is  increased. 

It  may  be  shown  that  the  mean  velocity  under  the 
electric  force  in  the  latter  case  is  of  the  order  2x10*  centi- 
metres per  second,  but  owing  to  the  uncertainty  of  the 
etfecta  of  collisions  on  the  motion  of  the  electrons  it  is 
possible  only  to  obtain  an  approximate  estimate  of  the 
velocity  irom  theoretical  considerations. 

When  the  velocities  are  large,  the  effect  of  a  collision 
on  the  motion  of  an  electron  probably  varies  in  a  manner 
that  corresponds  to  the  effect  produced  on  a  molecule,  so 
that  the  gas  may  offer  more  resistance  to  the  motion  when 
the  velocity  is  of  the  order  10'  than  when  it  is  IC  centi- 
metres per  second. 

It  will  also  be  remarked  that  with  the  higher  velocities 
the  momentum  of  the  electron  is  sufficient  to  cany  it  along 
its  path,  but  with  the  lower  velocities  an  electric  field  is 
necessary  to  maintain  the  motion.  In  the  latter  case  the 
velocities  on  collision  exceed  the  mean  velocity  under  an 
electric  force. 

230.  Telocity  of  eleotrons  bef<N:e  ionization  by  ooUislon 

takes  place.    The  formula  U  =  —  -  - ,  given  in  Chapter  III 

for  the  velocity  of  an  ion  or  electron  in  an  electric  field, 
applies  only  when  the  velocity  of  agitation  u  is  large  com- 
pared with  the  velocity  U  in  the  direction  of  the  electric 
force.  The  latter  velocity  is  proportional  to  the  force  pro- 
vided the  velocity  of  agitation  and  the  mass  m  are  constant, 
as  is  the  case  for  ions  moving  in  gases  at  high  pressures 
under  the  action  of  small  electric  forces. 
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When  large  forces  are  used  and  the  pressure  is  reduced, 

the  average  mass  m  and  the  velocity  of  agitation  depend 

on  the  force  and  the  pressure,  since  the  ions  are  in  the 

transition  stage  and  the  electronic  state    becomes   more 

X 
prevalent  as  —  increases.    With  these  forces  and  pressures 

the  velocity  in  the  direction  of  the  electric  force  increases 
rapidly  with  the  force. 

When  the  ratio  —  is  sufficiently  great  (of  the  order  -a 

for  dry  air)  the  electrons  move  freely  with  a  constant  mass 
■m  which  is  very  small,  so  that  the  velocity  of  agitation 
is  large.  If  the  motion  were  in  thermal  equilibrium  with 
the  molecules  of  the  gas  this  velocity  would  be  inversely 
proportional  to  the  square  root  of  the  mass  of  the  particles, 
and  since  the  ratio  of  the  mass  of  a  molecule  of  air  to 
the  mass  of  an  electron  is  5-3  x  10'^-~10'^,  the  velocity  of 
agitation  of  the  electrons  would  be  230  times  the  velocity 
of  agitation  of  a  molecule  of  air  at  0°  C,  or  1 0'  centimetres 
per  second.  The  actual  velocity  of  agitation  of  the  electrons, 
however,  exceeds  the  value  10''  by  a  factor  vk  which  depends 

on  the  ratio  —  ■*   When  the  force  is  one  volt  per  cm.,  and 

P 
the  pressure  one  millimetre,  A;  =  11-5  approximately,  so 
that  the  velocity  of  agitation  is  3-4  x  10''  centimetres  per 
second.  The  velocity  under  the  electric  force  is  still  small 
compared  with  the  velocity  of  agitation,  being  I-25x  10' 
when  X/p  =  1. 

aai.  Uotion  of  electrons  when  X/p  beoomes  large.  With 
large  forces  a  point  is  reached  when  the  velocity  in  the 
direction  of  the  electric  force  exceeds  the  velocity  of  agita* 
tion,  and  in  that  case  the  above  formula  cannot  be  used  to 

determine   IT.     That   stage   may  be  reached  when  —  is  i 

1,000,  since  ionization  then  takes  place  in  a  large  percentage  ' 

•  See  Sections  131  and  132. 
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of  the  total  number  of  collisions,  and  the  Telocity  of  the 
electron  may  be  considerably  reduced  at  each  collision  that 
it  makes  with  a  molecule. 

If  the  velocity  of  an  electron  after  a  collision  be  neglected 
in  comparison  with  the  velocity  acquired  in  moving  along 
a  free  path  under  the  action  of  the  force,  the  mean  velocity 
U  through  the  gas  may  be  easily  found. 

Let  x^,  x^.,.  be  the  lengths  of  the  free  paths;  J,,  f, ... 
the  intervals  between  collisions,  then 

and      t^^^,+^.+  -^    /^.     y^+-     . 

If  a  large  number  n  of  paths  are  traversed,  the  number 
whose  lengths  are  intermediate  between  x  and  x-\-dxis 

and  the  denominator  •/x'i+  v'^+...  of  the  above  fraction 
becomes 

J       -/xf    ^  dx 

r      -t 

Hence  t/  =     / ,  ginee  the  numerator  of  the  fraction 

The  velocity  in  this  case  is  proportional  to  */— >  and 

when  X  =  1,000  volts  per  cm.  and ^  =  1  mm,,  U  =  2y.  10'.* 
This  number  is  probably  a  low  estimate  of  the  velocity. 
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and  as  the  force  increases  the  effect  of  each  collision  on  , 
the  motion  of  the  electron  diminishes.  The  whole  character 
of  the  motion  then  changes,  and  under  a  high  electric  force 
there  is  an  acceleration  of  the  electron  along  its  whole 
path,  and  the  velocity  does  not  tend  to  attain  a  final  value 
as  when  particles  move  under  a  force  in  a  highly  resisting 
medium. 
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CHAPTER   IX 

IONIZATION  BY  COLLISIONS  OF  POSITIVE  IONS 

223.  Sflbot  of  ionisstton  by  pOBttive  ionB  on  the  oorrents 
betweoD  parallel  plates.  It  has  been  explained  in  the 
preceding  chapter  how  the  cnrrent  between  parallel  plates 
depends  on  the  ionization  produced  by  the  motion  of  nega- 
tive ions  in  the  gas.  When  the  electric  force  is  constant, 
the  currents  for  a  certain  range  of  distance  between  the 
plates  are  given  by  the  formula  7i=Tig(«''  ibr  the  con- 
ductivity produced  by  ultra-violet  light  falling  on  "the 
negative  electrode.  For  larger  distances  the  currents 
increase  with  the  distance  x  more  rapidly  than  the  expo- 
nential term  t"'^.  It  appears  from  this  that  the  effect  of 
some  other  process  of  ionization  begins  to  be  appreciable, 
and  the  investigations  show  that  the  condnctivity  may  then 
be  explained  on  the  hypothesis  that  positive  ions  also 
generate  others  in  the  gas. 

In  order  to  calculate  the  currents  that  would  be  produced 
if  both  positive  and  negative  ions  generate  others  by  col- 
lisions with  molecules,  the  simple  case  of  the  conductivity 
between  parallel  plates  may  be  taken,  and  the  ions  may  be 
considered  to  move  with  a  definite  average  velocity  over 
the  whole  distance  between  the  plates.  This  assumption 
introduces  a  small  error  in  estimating  the  relative  values 
of  the  currents  for  the  different  distances  between  the 
plates,  but  when  the.  distance  between  the  plates  is  large 
compared  with  the  mean  iree  path  of  the  ion,  this  error 
is  probably  much  less  than  the  experimental  error  involved 
in  measuring  the  currents. 

When  a  number  ng  of  negative  ions  are  generated  initially 
at  the  negative  electrode,  the  formula  for  the  number  n 
that  eventually  reach  the  positive  electrode  may  be  found 
as  follows  :  Let  oi  be  the  number  of  pairs  of  ions  generated 
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by  a  negative  ion  in  moving  through  a  centimetre  of  the 
gae  and  fi  the  number  generated  by  a  positive  ion. 

Let  p  be  the  number  of  pairs  of  ions  generated  by  both 
prooesses  in  the  layer  of  gas  between  the  negative  electrode 
and  the  parallel  plane  at  the  distance  x  from  the  electrode, 
and  q  the  number  of  pairs  generated  in  the  layer  of  thick- 
ness a-x,  a  being  the  distance  between  the  electrodes. 

The  number  of  negative  ions  n  that  arrive  at  the  positive 
electrode  is  n  =  n^+p  +  q. 


Figure  53.      + 

The  number  ot  pairs  of  ions  generated  in  the  apace 
between  the  two  planes  x  and  x  +  dxis 
(?io+J>)  adx  +  qffdx, 
since  the  number  of  negative  ions  that  pass  through  the 
layer  in  one  direction  is  (Wo  +  p),  and  the  number  of  positive 
ions  that  pass  through  in  the  opposite  direction  is  q. 
Hence  dp  =  (itg+p)  adx  +  q^dx.    -- 

Substituting  for  q  its  value  n~n^—p,  the  differential 
equation  for  p  becomes 

g=K+p)(«-«+»A 

of  which  the  solution  is 

The  constant  of  integration  A  is  found  from  the  condition 

^  =  0    when  a;  =  0.      Hence    A  =  n„+     ■—>  and    since 

n^+p^n  when  x  =  a,  the   following  relation   between 
n  and  n,,  is  obtained, 
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"'223.  Experimental  erideuoe  of  the  action  of  poeitiTe  ions. 
"When  the  pressure  and  electric  force  are  constant,  the 
carrenta  obtained  by  the  action  of  ultra-violet  light  on 
the  negative  electrode  are  in  agreement  with  this  formula. 
The  currents  for  the  different  distances  between  the  plates 
depend  on  the  two  constants  a  and  ^  which  may  be  found 

from  two  ratios  -5  and  —  of  currents  at  different  distances. 

Experiments  have  been  made  to  test  the  effect  of  a  varia- 
tion in  the  intensity  of  the  light,  and  it  was  found  that  the 
currents  at  the  different  distances  were  altered  in  the  same 

proportion.  -  The  ratios  — '  and  —  are  therefore  independent 

of  the  number  of  ions  initially  produced  at  the  negative 
electrode.  The  table  of  numbers  given  in  Section  195  shows 
to  what  extent  the  currents  q  in  air  at  one  millimetre 
pressure  may  be  represented  by  the  formulae  «""■  and 

ifli-fli —    ^®  following  tables  f  give  examples  of 

similar  results  obtained  with  air  at  the  pressures  4,  6,  and 
8  millimetres,  the  electric  force  being  proportional  to  the 
pressure  in  each  case.  It  will  be  observed  that  the  currents 
are  in  agreement  with  both   formulae    for  the    smaller 

*  ThiB  equation,  and  the  theory  of  eparking^  to  which  it  leads,  was 
first  (riven  by  the  author  in  the  Electrician,  April  3,  1903,  after  Bereral 
caseB  nad  been  verified  ezperimentallj  bj  the  methods  described  above. 

The  Mme  explanation  of  the  currents  between  parallel  plates  was 
Bubsequentlj  given  by  Sir  J.  J.  Thomson  in  the  1906  edition  of  his 
treatise  on  Uie  '  Conduction  of  Electricity  throuKh  Gases ',  pp.  270-4,  bnt 
it  is  difficolt  to  find  evidence  in  support  of  the  theory  from  the  researche* 
which  are  there  quoted. 

Another  theory  of  the  sparkinK  potential  waa  given  by  Sir  J.  J. 
Thomson  in  the  1903  edition  of  his  treatise  which  is  unsatisfactory,  as  it 
implies  that  the  sparking  potential  for  parallel  plates  is  the  same  as  the 
potential  required  to  maintain  a  current  when  the  normal  cathode  fall 
of  potential  is  established.  (See  Phil.  Hag.  (6)  6,  p.  358,  1903,  and 
(6)  8,  p.  750,  Dae.  1904.) 

t  See  researches  by  the  author  and  H.  K.  Hurst,  Phil.  Mag.  (6)  8, 
p.  738, 1904. 
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distances  a.  Tiiis  shows  ttiat  the  poaitive  ions  may  be 
acting  all  the  time,  but  the  effect  they  prodaoe  does  not 
become  noticeable  until  the  larger  distances  are  reached, 
since  ^  is  so  small  compared  with  a. 

I.  Correnti  q  in  air  at  4  millimetres  pressure  under  a  force  X  ^^  700 
volU  per  centimetre,  the  distance  a  between  the  plates  being  eipressed 
in  centimetres  :  OC  -  &16,  ft  -=  -0067. 


a  in  cm.                    -2     |      -S          -4    |      -5   j       -6          -7  |            -8 

,                 1  s-ia 

,«•                      !  5-11 

in     2«.7   1  61      '  148    :  Ml    1   1,500 
11.6      261      59      1  133     ,  801           680 

11-6     26-5   1  62        149      399        1,544 

a-S,»-«-  j 

5=-871,SxX-i60»,  r-.615. 

II,  Currents  q  in  air  at  6  millimetres  pressure  under  a  force  of  1,050 
TOIU  per  centimetre :  <X  -  12-42,  ^  =■  -OlOS. 


a  in  cm. 

.1 

•« 

.3 

4 

■M 

* 

347 

19.1 

425 

163 

880 

,ao 

846 

19.0 

418 

143 

495 

■3.47 

12.1 

42-8 

163 

872     , 

S=  ■527,Sxi'  =  601,  K=604. 

III.  Currents  in  air  at  8  millimetres  pressure  under  a  force  of  1,400 
voltfl  per  centimetre  :  a  •=  lfr47,  p  =  ■Old. 


5-2       !      27  5  158        (     1,840 


*°^  I        6-19  26-9       I      140        :       724 

{a-3). («-*)"        i  ,  i 

' '  ,„     .=-        1        5-2  27-6       ;       158  1,850 

S  =  .431,  SxX=  603,  r  =  603. 
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The  value  of  —  in  the  three  experimenta  was  176,  and 
P 

the  valaeB  of  -  as  deduce^  from  the  observations  are  2-04, 
207,  and  2-06,  the  values  of  ^  being  -00167,  -0018,  and 
■001 6,    Hence  -  and  -  are  practically  the  earns  at  different 

pressures  when  the  force  is  proportional  to  the  pressure. 

The  following  tables  contain  some  examples  of  experi- 
ments in  hydrogen  and  carbonic  acid.  In  hydrogen  ^  is 
larger  than  in  air  for  the  same  forces  and  pressures ;  in 
carbonic  acid  0  is  very  small.  The  currents  q  obtained 
experimentally  are  given  in  arbitrary  units,  and  the  quanti- 
fa  _  a)  ((«-«) « 
ties  n  were  calculated  from  the  formula  n  = ,,    .,     . 

a  and  /3  having  the  values  given  in  the  first  column  of 
each  table. 


Hydboobn,  is  Milliketbes  PBBSSmiE. 

a                       -2       13 

•4 

X  =  1050,        9  1       8-2        !     26-7 

12ft 

a  =  10-4    I 

3-    -osef  " 

8-4       ■     26-7 

124 

S-=-468,  Sx  J-.485,  K=490. 
Htdbooxm,  8  Millimetres  Pbessube. 


a 

.2 

.3 

:      * 

■5 

■7 

8 

x= 

525 

* 

- 

4^7 

\    — 

14-1 

5X-5 

m 

oc  = 
3  = 

52     ) 
.043  i 

n 

- 

4-85 
15.2 

'■    444 

14.6 
174 

1^ 

53 

m 

X~ 

700 

4 

605 

3=- 

8-86  ■ 
.059 

" 

.05 

15-3 

44.2 

j.,=,i,z<,d=vGoogIe 
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Hydbooen,  4  MiLLiuKTREB  Pbessube. 


J:-:850         s- 

•1 

■2 
2-5 

•3 

■4 
6-05 

•6 
14-9 

•8 
43-7 
442 

177     1 

a-4^     1  . 

x-700       q 

- 

2-44 

25-3 
26 

6-05 
960 

15-3 

176 

2-65 

7-25 

-    1 

a-9-6    1 
3=   .2Uj     " 

2-05 

7-5 

870 

- 

- 

_    1 

X  =  350.  S  -  1-14,  Sx  X  =  398,  r  •.  385. 
X  -  700,  S  =  -405,  Sx  X  -  283,  F-  282. 


HtDROGEH,  2  MiLLIHETRES  PBSSBCBX. 


a 

S 

•2 

•4 

7-32 

•6 
24-6 

■7 
68 

■8 

X-350 

2-65 

822 

a  =  4-8 
J3=    .107 

» 

2-65 

7-5 

26 

65 

870 

1 

= -81,  5' X  X  =  283,  K=287. 


Cabbon  Dioxidb,*  2  Millihetbes  Pbbbsqbb. 


X-1400 

9 

■1 
8-32 
8-32 

•2 
70-7 
71-7 

■3 
747 
755 

a  =  21-21     1 

|9=     ■0085] 

" 

5-..369,  SxX-516,  K-.5I7. 

'  These  determination  a  of  a  and  p  in  carbonic  acid  were  made  br 
Hunt.     H.  £.  Hunt,  Phil.  Mag.  (6)  2,  p.  635,  1906. 
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GaBBON  DIOXIDK,   I   MiLLIHETBE  PbBSSTTBE, 


" 

■2 

■3 

■4 

■" !     ■'  1 

X=700             q 

854 

247 

73-1 

226      j    787 

a -10-68     ) 
P-      -OMIP 

X=  1050          q 

854 
13 

24-8 

73-8 

228 

790 

51 

289 

- 

<X  "  12-68     1  „ 
13=     -0853}" 

18 

504 

™ 

- 

X=    700,S-=-736,Sxi  =  515,  r=509. 
X=  1050,  S- -465,  SxX=  488,  F=  «1. 

Carbon  Dioxide,  -5  Millihbtre  Pbesbcbb. 


» 

9 

■2 

•4 

■6 

•8 

X.525 

S-64 

18.8 
18-S 

58.1 

308 

a  -  6-41 
S-    -017* 

" 

8« 

62.9 

SOI 

X-.525,S=i  -929,  SxX  =  488,  r-.485. 

The  currenta  q  are  in  good  agreement  with  the  expression 
found  for  n  provided  the  pressure  of  the  gas  is  not  reduced 
to  a  very  low  value.  The  free  paths  of  the  ions  between 
collisions  with  molecules  increase  as  the  pressure  is  reduced, 
and  according  as  they  become  comparable  with  the  distance 
between  the  electrodes  the  formula  for  n  becomes  less 
accurate. 

In  air  at  a  millimetre  pressure  the  mean  free  path  of 
a  positive  ion  is  of  the  order  -06  millimetre. 

These  experiments  were  as  a  rule  only  applied  to  cases 
in  which  the  product  of  the  pressure  p  and  the  distance  a 
exceeded  the  value  of  pa  that  corresponds  to  the  minimum 
sparking  potential. 

^'224.  Comparison  of  the  valuee  of  a  and  fi.     The  value  of 
/d  is  connected  with  the  force  and  pressure  by  a  relation 
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similar  to  that  which  holds  for  the  quantity  a;    that  is, 

-  is  a  function  of  the  ratio  —  onlv. 
P  P        ^ 

The  curves,  figure  54,  represent  -  in  terms  of  —  for  the 
P  P 

different  gases.    It  will  be  noticed  that  for  the  same  force 


/ 

/ 

r 

K 

/ 

/ 

A 

/ 

/^^ 

J 

/. 

/ 

^ 

^ 

200  400  flOO  600  lOOO  1200         I400 

X/p 

Figure  54.    X  in  volts  per  centimetre,  j)  in  millimetres  of  mercnij. 
and  pressure  ^  is  much  less  than  a  for  any  gas.    The  values 


with  helium  the  values  of  ^  are  much  larger  than  for 
other  gases. 

The  numbers  recently  obtained  for  pure  helium  are  given 
in  the  following  table,  which  shows  that  as  compared 
with  hydrogen  the  positive  ions  in  helium  produce  much 
more  ionization  under  the  action  of  small  electric  forces. 


1-03 

•018S 

1K18 

•0164 

1-83 

•040 
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By  comparing  the  values  of  a  and  (3  it  may  be  seen  that 
the  positive  ions  are  mnch  less  efficient  than  the  negative 
ions  in  producing  new  ions  by  collisions  with  molecules 
when  both  have  the  same  kinetic  energy. 

Since  the  negative  ions  in  these  cases  are  free  electrons, 
the  positive  ions  are  large  compared  with  them,  and  if  it  be 
assnmed  that  the  mass  of  a  positive  ion  is  of  the  same  order 
of  magnitude  as  that  of  a  molecule  of  the  gas  &om  which  it 
is  derived,  each  positive  ion  would  make  four  times  as  many 
collisions  with  molecules  as  a  negative  ion  travelling  the 
same  distance  in  ^e  gas.  The  iree  paths  of  an  electron 
in  a  gas  at  pressure  p  will  therefore  be  the  same  aa  the 

free  paths  of  a  positive  ion  in  a  gaa  at  pressure  ~i  and  if 

the  same  electric  force  be  acting  in  each  case  the  energy 
acquired  between  the  collisions  will  also  be  the  same.  The 
relative  ionizing  powers  may,  therefore,  be  found  by  com- 
paring the  value  of  a  in  a  gas  at  any  pressure  with  the 
values  of  j9  in  the  gas  at  a  quarter  of  the  pressure  when 
the  same  force  is  acting. 

The  case  of  hydrogen  may  be  taken  as  an  example. 
With  the  force  JT  =  60  volts  per  centimetre  and  p  =  \ 
millimetre,  a  —  -SS.     The  curves  representing  the  effects 

of  positive  ions  give  -  =  -090    when  — =200,  so  that 

ji  =  -022  when  J  =  50  and  p  =  -25.  Hence  when  a  positive 
and  negative  ion  collide  an  equal  number  of  times  with 
molecules  and  acquire  equal  kinetic  energies  along  their 
free  paths,  the  negative  ion  generates  sixteen  times  as 
many  ions  as  the  positive  ion.  The  ratio  of  the  activities 
of  the  positive  and  negative  ions,  as  estimated  in  this  way, 
varies  with  the  electric  force  X.  Under  a  force  of  75  volta 
per  centimetre,  a  =  -9  when  p  =  I,  and  ^  =  -065  whan 
p  =  -26,  BO  that  the  effect  of  the  negative  ion  is  fourteen 
times  that  of  the  positive  ion  in  this  case. 

If  similar  calculations  are  made  for  the  other  gases  it 
will  be  found  that  the  action  of  the  positive  ions  as 
compared  with  that  of  the  negative  ions  diminiiJlies  aa 

im  Y 
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dke  density  of  the  gas  increases.  Thus,  with  carbonic 
acid, 

a  =  3'2      when  X  =  216  and  p=  1, 
0  =    -003  when  X  =  315  and  p  =    -26. 

Hence  the  effects  of  the  positive  and  negative  ions  are 
in  the  ratio  1 :  1070. 

The  relative  ionizing  power  of  positive  and  negative  ions 
depends  on  their  velocities. 

In  the  initial  stages  of  ionization  by  collision,  when  the 
ions  are  moving  under  small  electric  forces  and  a  given 
kinetic  energy  is  imparted  to  ions  of  different  masses,  the 
smaller  the  mass  of  the  ions  the  greater  the  probability 
of  new  ions  being  generated  when  a  collision  with  a 
molecule  occnrs. 

When  ions  are  moving  with  very  high  velocities,  as 
when  '  a '  and  '  0 '  particles  are  emitted  by  radio-active 
snbstancBS,  the  relative  effects  of  positive  and  negative  ions 
are  quite  different,  the  nomber  generated  by  the  positive 
ion  per  centimetre  being  much  greater  than  the  nnmber 
generated  by  a  negative  ion. 

'  896.  Theoiy  of  sparking.  The  theory  of  ionization  by 
collision,  which  affords  an  aconrate  explanation  of  the 
currents  obtained  by  the  aid  of  ultra-violet  light,  also 
explains  how  sparking  takes  place.  When  the  distance  a 
between  the  electrodes  does  not  exceed  a  certain  definite 
value  (which  depends  on  the  electric  force  and  the  pressure 
p),  the  current  q  only  lasts  so  long  as  the  light  continues 
to  act  on  the  negative  electrode.  For  distances  somewhat 
larger  than  the  values  of  a  given  in  the  preceding  tables, 
a  spark  takes  place  between  the  electrodes  and  a  large 
current  flows  through  the  gas.  The  point  at  which  the 
spark  ia  obtained  may  be  deduced  from  the  formula 

The  denominator  of  this  expression  diminishes  as  a  in- 
creases, and  vanishes  for  a  certain  value  of  a.  The  quantity 
n  then  becomes  infinite,  and  a  continnOQs  current  fiowa 
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between  the  electrodes  after  the  light  ceases  to  act  on 
the  electrodes.  The  critical  distance  S  at  which  n  becomes 
infinite  is  given  by  the  equation 

and  the  theoretical  value  of  the  sparking  potential  at  the 
distance  8  is  SxX. 

When  the  valaes  of  a  and  ^  had  been  determined,  another 
series  of  experiments  was  made  to  determine  the  sparking 
potentials.    The  plates  were  set  at  the  distance  ;S  given  by 

the  formola  S  = log  (  -). 

and  the  potential  between  the  plates  was  gradually  raised 
until  a  spark  took  place.  The  least  potential  V  at  which 
the  sparking  occurred  is  given  at  the  foot  of  each  of  the 
tables  in  Section  223,  also  the  value  of  Sand  the  theoretical 
potential  SxX.    There  is  a  close  agreement  between  the 

values  of  V  and  the  prodnct  SxX. 

The  following  tables  *  give  the  results  of  the  experiments 
with  different  gases  that  have  been  made  in  order  to  test 
the  aoonracy  of  the  theory,  as  applied  to  a  oniform  field. 
The  electric  force  X  is  given  in  volts  per  centimetre,  and 
the  sparking  distance  S  in  centimetres.  The  product  SxX 
is  the  theoretical  valne  of  the  sparking  potential,  and  V  the 
potential  obtained  experimentally. 

AiB,  Spabkingi  Potemtials. 


1050 

P 

8 

S 

SxX 

r 

803 

pxS 
6-12 

■7i;5 

803 

1400 

8 

■431 

601 

603 

3-45 

1050 

6 

■572 

601 

604 

3-43 

700 

4 

•871 

610 

615 

8-48 

1050 

4 

•iU 

477 

480 

1-82 

525 

2 

•91 

481 

488 

1.82 

700 

2 

•575 

403 

407 

M5 

350 

1 

M3 

395 

398 

1-13 

437 

1 

■832 

364 

365 

350 

-66 

■965 

338 

340 

■64 

437 

■66 

-766 

335 

336 

■505 

*  The  nnmbera  in  these  tables  are 
quoted  in  Section  198. 
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HtDROQEH,  SPARKINfi  POTRKTIALS. 


X 

P 

S 

sxa: 

F 

,.S 

1050 

m 

■643 

675 

675 

12-9 

875 

16 

■710 

621 

619 

11-4 

1050 

16 

■468 

485 

490 

74 

700 

12 

.791 

555 

561 

9-5 

1060 

12 

■353 

870 

389 

4-23 

525 

8 

■927 

486 

487 

742 

700 

8 

■57 

399 

395 

4-56 

1050 

8 

■306 

322 

322 

245 

350 

4 

114 

399 

395 

4-56 

525 

4 

•613 

822 

823 

2-45 

700 

i 

405 

283 

282 

162 

350 

2 

.810 

283 

287 

1-62 

525 

2 

■501 

269 

273 

1-00 

350 

I 

.806 

289 

■81 

HiTBOOEH,  Sfabkihg  Potehtuls. 


X 

P 

S 

SxX 

r 

pxS 

700 

4 

■72 

502 

507 

288 

i 

-60 

4f.O 

2-40 

2 

■85 

382 

1-70 

525 

349 

344 

1-33 

2 

■65 

339 

1-30 

2 

■58 

332 

116 

1 

100 

310 

1-00 

1 

-868 

300 

■863 

1 

-601 

298 

-601 

525 

1 

■580 

304 

800 

■580 

1 

■500 

310 

■600 

- 

1 

■400 

- 

880 

400 

Carbon  Dioxide,  Sfabkino  Potkhtials. 


X 

P       ' 

S 

1    s.x 

V 

,«S 

1400 

2       1 

■369 

5ie 

S17 

■788 

700 

1        1 

■736 

,    5ie 

509 

•736 

876 

1       1 

-571 

501) 

495 

■571 

1050 

1 

-465 

488 

491 

■465 

525 

1 4 

-929 

'    m 

485 

■464 

700 

■706 

494 

49? 

■353 

875 

■5      T 

-613 

537 

530 

•306 

525 

■25     1 

106 

1      558 

564 

•265 
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Aroon,  Spareinq  Potbhtialb. 


X 

'      P        ' 

S 

SxX 

V 

pyS 

505 

;    10               1-087 

549 

549 

10-87 

610 

1     4 

471 

287 

276 

1-88 

410 

'     * 

MV 

388 

380 

3-79 

618 

i     2 

!17H 

234 

233 

■76 

405 

1      2 

^^H 

245 

124 

615 

1 

m9 

245 

248 

■399 

517 

1 

4«« 

249 

244 

■482 

401 

1      ' 

W«l 

233 

285 

•580 

809 

1      1         1 

770 

248 

237 

•770 

402 

>       -66    i 

509 

241 

248 

■395 

801 

i       -66    1 

»02 

242 

238 

-528 

Sae.  Efibot  of  impurities  in  helium.  The  experiments 
which  were  made  with  helium,  to  test  the  theory,  were 
conducted  on  a  slightly  different  principle  from  that 
adopted  in  the  other  cases.  The  distance  a  between  the 
electrodeB  was  increased  by  small  amounts  at  a  time  and 
the  potential  difference  aX  was  applied,  X  beini;  con- 
stant for  each  distance.  A  certain  distance  S"  was  thus 
found  experimentally  for  which  a  spark  took  place.  The 
quantities  a  and  p  having  been  also  found  by  previous 
experiments  for  the  force  X  and  the  pressure  p,  it  was 
possible  to  compare  8'  with  the  theoretical  sparking  dis- 
tance 8  =         '^  ■    The  following  table  gives  B  and  8'  for 

certain  forces  X  and  pressures  p,  and  also  the  sparking 
potential  Y  corresponding  to  the  distance  8': 

Helidm,  Spabkikq  Potentials. 


X 

P 

S 

B      1      y 

168 
213 
8-95 
4-26 

240 
240 
200 
198 

2 
3 
5 
S-2 

-84 
■71 
■79 

■82 

•81       i      194 
■71        1      170 
•78       1      156 
■83       j      164 

The  following  values  of  the  sparking  potential  V  were 
also  observed,  but  withont  obtaining  the  '  alues  of  a  and  ^ : 
4-98  16-0  224  85-2 


175 


210 


240 
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The  numbers  given  in  the  last  table  are  taken  from  the 
experiments  recently  made  by  G-ill  and  Piddnck*  in  which 
special  precantions  were  taken  to  remove  impurities  from 
the  gas.  It  was  found  that  the  vslnea  of  ^  in  helium  were 
affected  to  a  great  extent  by  the  presence  of  small  quan- 
tities of  air,  and  the  sparking  potentials  were  increased  in 
a  corresponding  maimer.  The  values  of  a  were  also  affected, 
bat  to  a  smaller  extent.  In  order  to  remove  traces  of  sir, 
the  gas  was  kept  in  a  long  vertical  tube  containing  a 
quantity  of  charcoal,  which  absorbs  all  the  imparities  when 
the  tube  is  snrronnded  with  liquid  air.  The  electrical  pro- 
perties of  the  gas  were  determined  immediately  after  it 
had  been  taken  from  the  charcoal  tube,  and  in  some  cases 
experiments  were  made  with  the  charcoal  tube  in  con- 
nection with  the  apparatus.  The  effect  of  small  imparities 
was  observed  by  keeping  the  gas  in  the  vessel  containing 
the  parallel  plates  and  making  determinations  on  successive 
days  with  the  same  force  and  pressure.  There  was  a  small 
leak  in  this  apparatus,  and  when  the  helium  was  at  B  milli- 
metres pressure  *25  per  cent  of  air  got  into  the  gaa  during 
the  day. 

The  following  table  gives  the  results  of  the  experiments 
in  which  X  =  200  volts  per  centimetre  and  j>  =  6  milli- 
metres : 

a  &  s  r 

Pure  helium  6-4  -082  -78  156 

Helium  +  -25  percent,  air  5-1  -069  -85  170 

Helium -I- -50  percent,  air  50  -065  -88  176 

Helium -I- -75  per  cent,  air  5-0  -051  -93  187 

Thus  small  quantities  of  air  have  a  large  effect  on  the 
conductivity  of  helium,  which  accounts  for  the  fact  that 
the  sparking  potentials  obtained  in  previous  investigations 
were  much  higher  than  those  just  given.  The  large  effect 
of  impurities  on  the  sparking  potential  in  helium  was 
first  observed  by  Strutt,t  who  obtained  values  of  the 
sparking  potential  as  tow  as  261  volts,  but  the  method  of 

'  E.  W.  B.  Oill  and  F.  B.  Pidduck,  Phil.  Mag.  (6)  28,  p.  887, 1912. 
t  Hon.  B.  J.  Stratt,  Phil.  Tram.  193,  p.  377,  19O0. 
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freezing  ont  imparities  by  surrounding  a  charcoal  tube 
Tpith  liquid  air  was  not  available  at  the  time  he  made 
his  experiments,  so  that  the  purification  was  probably  not 
very  complete.  It  will  be  noticed  that,  as  far  as  testing 
the  theory  is  concerned,  it  matters  little  whether  the  gas 
is  impure  or  not,  since  the  potentials  change  in  accordance 
with  the  quantities  a  and  y3,  and  the  theory  is  applicable  to 
mixtarea  of  gases  such  as  air  as  well  as  to  pure  gases. 

All  the  determinations  of  the  sparking  potentials  with 
the  different  gases  given  in  the  above  tables  were  made  by 
observing  the  point  at  which  sparking  took  place  when 
nltra-violet  light  of  small  intensity  acted  on  the  negative 
electrode.  The  potentials  thus  obtained  were  quite  definite 
and  showed  no  irregularities  depending  on  the  length  of 
time  the  gas  is  subjected  to  the  electric  force.*  They  were 
in  most  cases  about  two  volts  below  the  potential  required 
to  spark  when  the  light  was  not  acting. 

In  general,  sparking  in  gases  is  due  to  the  multiplication 
of  the  few  ions  which  are  present  under  normal  conditions 
in  the  gas.  Theoretically  a  small  number  of  ions  would  be 
snfBoient  to  initiate  a  discharge  when  the  plates  are  at  the 
proper  sparking  distance  corresponding  to  any  electric  force, 
and  it  has  been  shown  by  Elster  and  Geitel  and  G.  T.  K. 
Wilson  t  t-bftt  a  few  ions  are  being  continually  generated 
in  a  gas  even  when  it  is  contained  in  a  closed  vessel. 

337.  Sparking  potential  as  a  funotion  of  the  number  of 
moleoules  between  parallel  plates.  The  above  tables  show 
that  the  sparking  potential  depends  only  on  the  product 
of  the  pressure  and  the  distance  between  the  plates.  For 
example,  in  air  at  6,  6,  and  4  millimetres  pressure,  the 
sparking  potentials,  for  the  distances  '431,  -572,  and  -871 
respectively,  are  the  same.  Thus  the  sparking  potential  for 
parallel  plates  depends  only  on  the  number  of  molecules 
between  the  plates.  This  property  of  a  gas  was  first 
observed  by  de  la  Bue  and  Muller,|lwho  determined  the 

*  See  Section  285. 

t  See  SectioDB  II  and  12. 

t  W.  de  la  Rue  and  H.  W.  Mflller,  Phil.  Trans.  171,  p.  109,  1880. 
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sparking  potentials  for  £at  surfacea  when  the  preaanre  of 
the  gfts  and  the  distance  between  the  plates  were  varied 
over  large  ranges. 

They  found  that  the  potentials  obtained  by  varying  the 
pressure  when  the  distance  between  the  plates  was  constant 
were  the  same  es  the  potentials  obtained  by  making 
similar  changes  in  the  distance  when  tiie  pressure  was 
constant.  Poschen  *  made  a  complete  investigation  of  the 
sparking  potential  for  spherical  electrodes,  and  found  that 
the  potential  was  independent  of  the  curvature  provided  that 
the  distance  between  the  spheres  was  somewhat  smaller 
than  the  radius  of  onrvature.  He  found  that  in  these  cases 
also  the  sparking  potential  depended  on  the  product 
p8  only. 

It  may  easily  be  seen  that  the  sparking  potential,  as 
given  by  the  theory,  is  a  function  of  the  product  pS.  for 
if  V  denotes  the  potential  SX,  and  m  the  product  pS, 

then    a  =J>/(— )  =i'/(- ),  and    similarly    ^  =  j)^(— ). 

If  these  expressions  for  a  and  p  be  substituted  in  the 
equation  for  S, 

(«-««=  log  (?), 
the  equation  for  V  becomes 

»[Ar„)-*(^)]  =  '°4-^(s)/*(s)]' 

which  shows  that  V  is  a  function  of  m  only. 

328.  Sparking  potentials  at  low  pTesanrea.  TiUard's 
investigation  of  the  development  of  oathode  rays.  The 
curves,  figure  85,  represenfthe  sparking  potentifds  in  terms 
of  the  product  pS  for  the  different  gases,  for  the  points 
that  have  been  found  to  be  in  agreement  with  the  theory. 

In  general,  the  potential  difference  between  two  elec- 
trodes required  to  initiate  a  discharge  depends  on  the  shape 
of  the  electrodes,  their  distance  apart,  and  the  pressure  of 
ike  gas.    The  phenomena  are  simplified  when  the  gas  is 

*  SeeSeotioD  241. 

U.,r,l,z<»i.vG00gIf 


OF  POSITIVE  IONS  329 

contained  between  two  metal  plates,  since  the  sparking 
potential  depends  only  on  the  prodaot  pS,  and  in  order 
to  investigate  the  changes  that  take  place,  the  distances 
may  he  fixed  and  the  preasore  reduced  from  760  millimetres 
to  a  small  fraction  of  a  millimetre.  If  the  distance  S  is 
one  centimetre,  the  sparking  potential  in  air  at  atmospheric 
pressure  is  abont  30,000  volts,  at  6  millimetres  it  is  aboot 
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800  volts,  and  at  -6  millimetre  the  minimum  sparking 
potential  is  reached,  which  is  about  340  volts.  When  forther 
reductions  are  made  in  the  pressure  the  potential  rises 
rapidly.  The  sparking  potential  soon  becomes  much  greater 
tl^n  the  potential  corresponding  to  atmospheric  preseure. 

It  is  necessary  to  consider  for  what  range  of  values  of 
the  product  pS  the  discharges  may  he  attributed  to  the 
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ionization  of  the  moleonles  of  the  gas  by  the  collisions  of 
positive  and  negative  iona.  The  experiments  show  that 
this  hypothesis  leads  to  satisfactory  conclusions  when  the 
product  pS  varies  from  the  vatue  corresponding  to  the 
minimum  sparking  potential  to  values  ten  or  twelve  times 
as  great.  The  theoiy  probably  applies  to  any  case  in  which 
p8  is  large,  bat  when  the  gas  is  at  low  pressures  it  is 
necessary  to  consider  other  effects  that  take  place. 

Thus,  in  discharge  tubes,  when  the  pressure  is  very  low, 
one  of  the  principal  features  of  the  discharge  is  the  stream 
of  cathode  rays  composed  of  electrons  emitted  by  the  nega-  ] 
tive  electrode.  These  cathode  rays  are  observed  when  the 
ratio  of  the  electric  force  to  the  pressure  thronghont  the 
tube,  or  at  the  cathode,  is  much  larger  than  the  ratio 

—  =  660  that  corresponds  to  the  mininaum  sparking  poten- 
tial. Several  interesting  experiments  were  made  by  Vil- 
lard  *  in  order  to  discover  the  way  in  which  the  cathode 
rays  originate,  and  he  found  that  these  rays  are  given  off 
from  the  parts  of  the  negative  electrode  on  which  the 
positive  ions  impinge.  Even  when  the  electric  force  at 
the  surface  of  the  cathode  is  very  great,  or  when  there  is 
a  large  &11  of  potential  in  the  layer  of  gas  near  the  cathode, 
no  cathode  rays  are  given  out  except  from  those  points  i 
at  which  positive  ions  collide  with  the  Bnr&oe.f  There  is 
thus  direct  experimental  evidence  to  show  that  negative 
ions  are  set  free  when  positive  ions  collide  with  a  metal 
surface  with  a  high  velocity.  , 

220.  Sfifaot  of  eleotrtms  nt  free  from  the  negative  elea-  ' 
txode.  In  the  experiments  described  in  the  first  sections 
of  this  chapter,  where  the  negative  ions  are  generated  I 
initially  by  the  action  of  ultra-violet  light,  the  whole  effect 
of  the  positive  ions  has  been  attributed  to  ions  generated 
by  the  collisions  with  molecules  of  the  gas.  If,  instead  of 
that  process  of  ionization,  the  positive  ions  were  supposed 
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to  act  by  setting  free  negative  ions  when  they  collide  with 
the  negative  electrode,  the  equation  for  the  cnmnte  would 
be  nearly  the  same  as  that  obtained  on  the  hypothesis  that 
was  adopted.  Let  yHf  be  the  namber  of  negative  iona  set 
free  when  a  number  N'  of  positive  ions  collide  with  the 
electrode.  The  factor  y  must  depend  on  the  velocity  of 
the  positive  ions,  and  is  therefore  a  fonctiou  of  the  ratio 
X/p. 

When  the  negative  ions  are  generated  initially  by  the 
action  of  the  light,  the  first  group  n,,^'  that  arrive  at 
the  positive  electrode  includes  those  generated  by  the 
direct  action  of  the  light,  so  that  the  number  of  pairs  of 
ions  generated  in  the  gas  is  Tig(<oi'— 1).  On  the  arrival 
of  the  positive  ions  at  the  negative  electrode,  a  number 
of  negative  ions  ynf,.(tOt'—i)  are  set  free,  and  these  act 
in  the  same  way  as  those  generated  initially  by  the  light 
The  total  number  of  tons  that  arrive  at  the  positive  elec- 
trode is  therefore 

7i  =  no<o«[i  +  y(«o«_i)  +  /(«ai_i)«+...] 

_       »„  ««* 
~  l-y(*Oi'-i)' 
If  y  =  ^/{a—^),  the  equation  for  n  becomes 

The  two  hypotheses  thus  lead  to  equations  for  the  currents 
which  are  nearly  the  same,  and  it  would  be  difficult  to 
decide  which  of  the  formulae  are  in  best  agreement  with  the 
experimental  results,  as  the  difference  between  them  is  about 
of  the  same  order  as  the  experimental  error. 

280.  Relative  Importanoe  of  the  effbots  of  positive  ions  at 
dillbrent  pressurM.  Other  experiments,  however,  show  that 
at  the  higher  pressures  (exceeding  the  pressure  corresponding 
to  the  minimum  sparking  potential)  the  effect  produced  by 
the  positive  ions  in  ionizing  molecules  of  the  gas  is  of  more 
importance  than  the  effect  produced  by  setting  free  electrons 
from  the  negative  eleotrode.    If,  for  instance,  the  case  of 
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the  discharges  from  points  or  small  apherical  electrodes  be 
considered,  it  will  be  seen  that  the  disdiaxge  from  a  negative 
point  may  be  explained  on  either  hypothesis.  The  region 
in  which  the  ions  acquire  high  velocities  is  confined  to  the 
neighbourhood  of  the  point,  and  the  positive  ions,  generated 
in  the  gas  by  negative  ions  moving  outwards,  move  towards 
the  point  and  the  current  would  be  maintained  if  they 
generated  a  certain  number  of  ions  by  collisions  ^th , 
molecoles  of  the  gas,  or  if  they  set  free  electrons  from  thej 
surface  of  the  point.  I 

If  the  force  is  reversed  the  positive  ions  move  away  from  ' 
the  positively  charged  point,  and  their  velocity  diminishes ' 
and  may  be  very  small  when  they  reach  distant  conductors.  I 
In  this  case  electrons  would  not  be  set  free  from  the  negative 
electrode,  and  unless  the  positive  ions  generate  ions  in  i 
moving  through  the  gas  near  the  point,  it  would  be  impos-  < 
sible  to  explain  the  discharge  on  these  principles. 

The  moat  satisfactory  evidence  on  this  subject  may  be  i 
obtained  from  a  consideration  of  the  potentials  required  to 
produce  a  discharge  between  a.  cylinder  and  a  concentric  i 
wire,  since  the  field  of  force  is  quite  definite  in  this  case.* 

Another  experimental  result,  which  indicates  that  the  ' 
negative  ions  set  free  from  the  negative  electrode  by  the  col- 
lisions of  positive  ions  have  only  a  small  effect  at  the  higher 
pressures,  is  that  the  sparking  potentials  have  almost  aui- 
versally  been  found  to  be  independent  of  the  metal  of  which 
the  electrodes  are  composed.  If  the  discharge  depended  on 
the  number  of  ions  coming  from  the  electrode,  there  wonld 
probably  be  considerable  variations  in  the  sparking  poten- 
tials, as  it  is  improbable  that  the  quantity  y,  which  is 
involved  in  the  above  equations,  would  be  the  same  for  all 
metals  or  that  it  would  remain  constant  if  the  electrode] 
tended  to  become  oxidized.  In  other  cases  in  which 
negative  ions  are  set  free  from  metal  surfaces  the  number 
that  are  produced  depend  to  a  large  extent  on  the  nature  of 
the  surface. 

With  parallel  plates,  therefore,  the   most  satis&ctoxy 
■  See  Section  258. 
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hypothesia  is  that  for  the  larger  valnes  of  the  prodact  ap 
the  principal  effect  of  the  positive  ions  arises  from  ions 
generated  in  the  ga&  The  relative  importance  of  the  ions 
set  free  from  the  negative  electrode  increases  as  the  pressure 
diminishes,  and  when  ap  is  very  small  the  ions  generated 
in  the  gas  by  the  positive  ions  are  probably  few  in  nomber 
compared  with  the  nomber  that  are  set  free  from  the 
negative  electrode. 

There  are  no  reliable  experiments  to  show  the  relative 
values  of  these  two  effects  in  a  discharge  for  a  given  valne 
of  the  prodact  pS,  but  for  simplicity  it  may  be  assumed 
that  the  gas  effect  predominates  when  pS  exceeds  the 
valne  corresponding  to  the  minimum  sparking  potential. 

381.  I<nM  set  free  &om  hot  metals.  It  is  necessary  to 
observe  that  positive  ions  are  not  set  free  from  the  positive 
electrode,  unless  it  is  at  a  high  temperature.  In  this 
respect  they  differ  from  the  electrons  which  may  be  set  free 
from  metal  sur&ces  under  various  conditions. 

Some  of  the  properties  of  the  ions  generated  at  the 
surface  of  a  hot  metal  in  gases  at  atmospheric  pressure  have 
been  explained  in  Section  60.  As  the  pressure  is  reduced 
and  the  electric  force  is  increased,  changes  take  place  in  the 
proportion  of  positive  and  negative  ions  that  are  set  free, 
and  the  ions  acqnire  the  same  properties  as  those  generated 
in  gases  at  low  pressures. 

At  the  higher  pressures  the  number  of  positive  ions 
generated  at  the  surface  of  the  metal  is  much  larger  than 
the  number  of  negative  ions,  except  when  the  temperature 
is  very  high  (exceeding  400°  C),  in  which  cases  the  numbers 
of  the  positive  and  negative  ions  become  approximately 
equal.  At  low  pressures  the  positive  currents  become  very 
small,  and  the  negative  ions  are  greatly  in  excess  even  at 
moderately  high  temperatures.  The  currents  that  may  be 
obtained  from  hot  metals  vaty  by  very  large  factors,  which 
depend  on  different  circumstances.  The  number  of  ions  set 
free  initially  depends  on  the  temperature  of  the  wire,  the 
nature  and  pressure  of  the  surrounding  gas,  the  length 
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of  time  the  metal  is  maintained  at  a  high  temperature,  ' 
and  on  theatate  of  the  snrface.  I 

The  variation  of  the  current  with  the  electric  force  when  ' 
the  gas  is  at  low  pressurea  is  much  the  same  as  the  variatdons  I 
of  onrrent  obtained  by  other  methods,  and  may  be  illustrated  | 
by  some  experiments  made  by  McClelland  *  on  the  enrrents  j 
between  an  incandescent  wire  and  a  large  concentric 
cylinder. 

The  wire  was  heated  by  a  current  irom  an  insnlated 
battery  of  a  few  cells.  A  point  on  the  circuit  was  raised  to  | 
a  high  potential  by  a  battery  of  small  accnmnlators,  so  as  to 
establish  an  electromotive  force  between  the  wire  and  the  ' 
cater  cylinder.  The  cylinder  was  insnlated,  and  the  current 
from  the  wire  to  the  cylinder  wss  measured  by  a  quadrant 
electrometer  in  the  ordinary  way.  The  following  table 
gives  the  currents  obtained  throogh  air  at  -66  millimetre 
pressure  when  the  wire  is  charged  negatively : 

Potential  of  the  Negative  current  in 

wire  in  volts.  arbitrarj  onita. 


If  a  definite  number  of  ions  are  generated  initially  at  the 
surface  of  the  wire  the  fraction  of  these  that  reach  the 
outer  cylinder  increases  with  the  electric  force,  and  if  all 
the  ions  reached  the  outer  cylinder  with  &  comparatively 
small  potential  difference  between  the  wire  and  the  cylinder 
the  current  would  attain  a  saturation  value,  and  would  be 
independent  of  the  force  until  ionization  by  collision  set  in. 
This  effect  is  not  easily  obtained  with  negative  ions  at  low 
pressures,  since  their  rate  of  difiusion  is  abnormally  great, 
and  a  large  number  of  them  become  discharged  by  the 
wira  A  large  force  may  be  required  before  the  mtyority  of 
the  ions  generated  near  the  surfoce  move  away  from  the 

*  J.  A.  McClelland,  Proc.  Camb.  Phil.  Soc  11,  p.  296,  1901. 
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fvire,  and  ionizstiou  by  oolliBion  may  begin  before  the 
current  approaches  a  constant  valne. 

The  Dombers  given  in  the  above  table  show  that  the  rate 
of  increase  of  the  current  with  the  force  is  least  when  the 
potential  changes  &om  160  to  240  volts.  This  may  be  doe 
to  the  fact  that  at  160  volts  nearly  all  the  ions  generated  at 
the  8IIT&KW  of  the  wire  reach  the  onter  cylinder,  and  that 
ionization  by  collision  begins  to  produce  an  appreciable 
effect  when  that  potential  is  reached. 

yfitix  the  wire  at  the  same  temperature,  the  currents 
obtained  when  the  wire  is  positively  charged  are  much 
smaller  and  the  variations  of  the  current  with  the  electric 
force  are  given  by  the  following  numbers,  the  air,  as  in  the 
previous  experiments,  being  at  '66  millimetre  pressure : 

Potential  of  wire  Poaitira  current  in 

in  volti.  arbitrary  imita. 


From  40  to  240  volts  there  is  only  a  email  variation  of  the 
current,  so  that  saturation  is  nearlyreached  with  a  potential  of 
40  volts.  The  increase  of  the  current  for  the  higher  voltages 
is  mach  less  than  the  corresponding  increase  when  the  wire 
ia  negative,  and  it  is  most  probably  due  to  a  small  effect 
produced  by  the  collisions  of  positive  ions  with  molecules  of 
the  gas. 

Of  particular  interest  are  the  cases  in  which  the  wire 
ia  coated  with  salts.*  Thus  Wehneit  f  observed  that  when 
a  small  particle  of  calcium  or  barium  oxide  is  heated  on  a 
strip  of  platinum  foil,  the  number  of  electrons  set  free  is  so 
large  that  the  effect  may  be  compared  with  the  cathode  rays 
obtained  in  an  exhausted  tuba     If  the  strip  of  platinum  is 

*  See  M.  A.  Wition,  The  Electrical  Properties  of  Flames  and  of  Incan- 
descent Solids. 

t  A.  WeluQlt,  Ann.  der  Phys.  (4)  14,  p.  425, 1904. 
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set  up  in  a  tube  with  the  particle  of  osdde  oppoBite  the 
centre  of  a  metal  plate  with  a  small  hole  in  it,  an  intraise 
stream  of  electrons  tails  on  the  metal  plate  when  a  potential 
difTereace  of  about  200  or  300  volts  is  established  between 
the  hot  cathode  and  the  plate.  If  the  pressure  of  the  gas  be 
reduced  to  a  very  low  value,  a  narrow  beam  of  cathode  rays 
passes  through  the  aperture  in  the  positive  electrode,  and 
the  beam  is  mXrked  by  a  bright  line  in  the  gas.  The  path 
of  the  rays  may  thus  be  seen  very  distinctly  and  the 
deflections  produced  by  transverse  electric  or  magnetic  fields 
may  be  easily  observed. 
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DISCHARGES  BETWEEN  C0NDUC3T0RS  OF 
VARIOUS  SHAPES 

2S3.  ClafisifloationofdiBoIiargea.  The  eleotrical  discharges 
that  take  place  between  condactors  of  different  shapes  and 
sizes  have  been  the  subject  of  numerous  investigations  ever 
since  the  principal  features  of  the  phenomena  were  first 
discovered. 

The  discharges  have  generaUy  been  dassified  according 
to  their  appearances,  as  sparks,  brashes,  glows,  or  dark  dis- 
charges. The  gaa  surrounding  a  conductor  at  ordinary 
temperatures  insulates  well  for  a  large  range  of  potentials, 
but  if  the  potential  difference  between  two  conductor  is 
gradually  increased,  a  point  is  reached  when  the  gas  begins 
to  conduct.  The  change  from  the  insulating  to  the  con- 
ducting state  usually  occurs  veiy  abruptly,  and  it  Is  easy 
to  find  a  definite  value  of  the  potential  when  a  discharge 
begins  to  take  place  from  the  conductor  into  the  surround- 
ing gaa. 

The  different  types  of  discharge  have  distinctive  features, 
but  it  is  difficult  to  draw  a  definite  line  between  them  or 
to  speciiy  the  exact  conditions  under  which  each  occurs,  as 
the  discharges  may  alter  either  gradually  or  abruptly  from 
one  type  to  another.  The  form  in  which  the  discharge 
takes  place  depends  on  the  shape  and  size  of  the  electrodes, 
their  distance  apart,  the  intensity  of  the  current,  the 
pressure  of  the  gas,  and  the  capacity  of  the  electrodes. 

233.  Spark  disoharges.  In  air  at  atmospheric  pressure 
only  one  type  of  discharge — the  spark  discharge— takes 
place  between  two  large  conductors  with  smooth  sorfaces 
when  their  distance  apart  is  small  compared  with  their 
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liuoar  dimensions,  that  is,  when  the  field  of  forcse  betweAi 
the  two  conductors  is  &irly  uniform.  Thus  when  two  metal 
spheres  are  separated  hy  a  distance  which  is  not  very  large 
compared  with  the  diameter  of  either  sphere,  and  tae 
potential  difference  between  the  spheres  is  raised  gradually,  ' 
a  point  is  reached  when  a  spark  discharge  takes  place  aloiig 
a  path  which  is  indicated  by  a  bright  line  extending  fi-ohi 
one  sphere  to  the  other.  If  the  supply  of  electricity  to  tlie 
electrodes  is  maintained  hy  an  electrostatic  machine  the 
discharge  takes  place  almost  instontaneoosly,  and  while  it 
lasts  a  large  current  flows  between  the  conductors.  The 
sparking  potential  V  required  to  produce  the  discharge  Is 
quite  definite ;  when  the  gas  is  insulating,  a  potential 
slightly  smaller  than  V  produces  no  appreciable  current 
that  can  be  detected  by  an  ordinary  galvanometer.  After 
the  spark  has  taken  place  the  spheres  are  sometimes  com- 
pletely discharged,  so  that  in  a  spark  discharge  the  current 
after  it  is  started  continues  to  flow  when  the  potential 
difference  between  the  electrodes  is  less  than  the  sparking 
pQlential. 

If  the  inside  and  outside  coatings  of  a  Leyden  jar  are 
connected  to  the  spheres  the  sparks  are  more  brilliant,  and 
a  larger  quantity  of  electricity  passes  in  each  discharge. 
In  this  case  the  discharge  is  in  general  oscillatory,  owing 
to  the  self-induction  of  the  condenser  circuit,  bat  the 
potential  V  required  to  produce  the  discharge  does  not 
depend  either  on  the  capacity  of  the  condenser  or  the  self- 
induction  of  the  circuit. 

In  order  to  start  a  discharge  it  ia  necessary  that  there 
should  be  some  ions  in  the  gas  initially,  and  when  the  force 
in  the  field  between  the  electrodes  is  raised  to  a  certain 
point  these  are  multiplied  by  collision  to  a  sufficient  extent 
to  maintain  the  discharge.  In  some  cases  ions  are  not 
present  in  sufficient  numbers  to  start  the  discharge  imme- 
diately when  the  potential  difference  V  is  established 
between  the  electrodes,  but  if  ultra-violet  light  falls  on  the 
negative  electrode,  or  if  the  gas  is  ionized  by  RQntgen  rays 
or  Becquerel  rays,  this  di£&culty  is  removed.    Under  these 
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conditiona  it  ia  Impossible  to  raise  the  potential  difference 
between  the  electrodes  above  the  value  V.  If  the  rate  of 
rotation  of  the  electrostatic  machine  is  increased  the  only 
effect  that  is  produced  is  an  increase  in  the  number  of 
sparks  that  pass  per  second. 

184.  Brush  dlBoharges.    If  the  distance  between  the  elec- 
tit>des  is  increased,  so  that  there  are  large  variations  of  the 
fotce  in  the  field  between  the  electrodes,  the  discharge 
takes  place  in  a  different  form.    At  points  of  the  elec- 
trodes where  the  intensity  of  the  force  is  greatest  short 
brUsh-discharges  are  first  produced,  but  the  path  of  the 
discharge  is  not  luminous  for  the  whole  distance  between 
the  electrodes.    The  brush  consists  of  small  fine  'sparkadN 
branching  out  from  the  conductor  and  terminating  in  thel 
gas.    The  appearance  of  the  brush  ia  different  in  positivell 
and  negative  discharges,  being  bluish  purple  when  the  i 
brash  is  formed  at  a  positive  sur&ce  and  red  when  it  is 
fotmed  at  a  negative  surface. 

The  negative  brushes  are  usually  shorter  than  the  positive, 
and  the  latter  type  may  be  obtained  from  10  to  15  centi- 
metres in  length  from  a  charged  conductor  when  the 
surrounding  conductors  are  at  long  distances  from  it.  It 
is  difficult  to  obtain  brush  discharges  from  very  large 
spheres,  but  with  spheres  of  about  one  centimetre  in 
diameter  and  4  or  6  centimetres  apart,  brush  discharges  are 
easily  obtained  when  the  electrostatic  machine  is  rotating 
slowly.  The  brush  may  be  converted  into  a  spark  discharge 
by  increasing  the  rate  of  rotation  of  the  machine. 

When  the  distance  between  the  electrodes  is  not  very 
great,  the  potential  difference  Y  required  to  start  the  brush 
discharge  does  not  differ  much  from  the  potential  required 
to  convert  the  brush  into  a  spark.  As  an  example,  the 
following  experiment  quoted  by  Qaugain  *  may  be  men- 
tioned :  When  two  spheres  one  centimetre  in  diameter  and 
2-2  centimetres  apart  are  used  as  electrodes,  a  brush  dis- 
charge ia  obtained  when  the  electrostatic  machine  rotates 

*  J.  M.  QangaiD,  Ann.  de  Chim.  et  de  Phji.  (4)  8,  p.  75,  1S66. 
Z  2 
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once  in  four  seconda,  the  potential  difference  between  the 
electrodes  being  V.  When  the  period  of  revelation  was 
reduced  to  two-thirds  of  a  second  sparks  passed  between 
the  electrodes,  the  potential  required  to  produce  them  being 
practically  the  same  as  V,  but  after  each  spark  had  passed 
the  potential  dropped  below  V. 

For  large  distances  between  the  electrodes  brush  dis-    ' 
charges  are  obtained  at  potentials  considerably  less  than 
the  potential  required  to  produce  a  spark.  I 

The  tendency  of  the  discharge  to  assume  the  form  of    1 
B,  spark  is  increased  by  adding  capacity  to  the  electrodes,    ' 
which  accounts  to  some  extent  for  the  discrepancies  between 
the  results  obtained  by  different  observers. 

The  brush  discharge  resembles  the  spark  discharge   in 
many  respects.     It  consists  of  several  small  branches  which 
may  be  gradually  reduced  to  two  or  three,  and  then  it  is 
not   much   different   from   the   spark.     Also  Wheatstone* 
found  that  the  brush  discharge  is  intermittent  by  observ- 
ing the  images  of  the  brush  in  a  rotating  mirror.    The    i 
principal  difference  between  the  brush  and  the  spark  dig-    | 
charge  is  that  during  the  brush  discharge  the  potential    { 
of  the  conductor  remains  practically  constant,  but  when   . 
sparks  take  place  between  two  conductors  the  potential    i 
drops  after  each  spark  to  a  value  that  is  small  compared 
with  the  potential  required  to  produce  a  spark. 

386.   Sisoharges  between  spheres.     Bailie's  experiments. 
When  the  distance  between  two  spherical  electrodes  is  less 
than  the  diameter  of  one  of  the  spheres,  the  potential  V   < 
required  to  produce  a  spark  depends  on  their  distance  apart  . 
and  is  practically  independent  of  the  diameter.    In  air,  at  i 
atmospheric  pressure,  the  potential  V  increases  with  the   I 
spark  length  8,  and  the  electric  force  V/S  diminishes  as 
the  distance  between  the  spheres  is  increased.  i 

If  the  distance  S  is  £zed  and  the  diameter  2R  of  the  I 
electrodes  is  reduced,  then  V  is  constant  for  the  large 
values  of  Jt,  but  diminishes  as  R  diminishes  when  the 

*  C.  Wheatstone,  I%il.  Ttbob.,  134,  p.  586,  1834. 
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diameter  becomes  less  than  the  spark  length  S.  When 
the  electrodes  are  in  the  shape  of  small  cylinders  with 
ronnded  or  pointed  ends,  the  potential  required  to  produce 
a  discharge  is  much  smaller  than  the  potential  required  to 
send  a  sparli  across  the  same  distance  between  two  laige 
spheres.  Thus  the  latter  potential  is  about  3x10*  volts 
when  8=1,  but  if  the  end  of  a  wire  of  half  a  millimetre 
diameter  is  fixed  at  one  centimetre  from  a  plate  or  large 
spherical  electrode,  the  potential  required  to  start  a  dis- 
charge is  4-4  X  10^  volts  when  the  end  of  the  wire  is  spherical, 
and  is  less  if  the  end  of  the  wire  is  pointed. 

The  following  table  given  by  Bailie*  illustrates  these 
properties  of  the  dischaige.  The  numbers  in  the  horizontal 
lines  are  the  equivalent  distances  for  the  different  spheres, 
or  the  distances  at  which  a  given  potential  produces  a 
discharge.  With  the  small  electrodes  the  discharges  were 
in  the  form  of  the  brush,  and  the  numbers  in  the  last  line 
give  the  distances  between  the  electrodes  above  which  the 
discharge  is  of  that  type.  The  exact  arrangements  of  the 
experiments  are  not  described,  but  it  may  be  mentioned 
that  other  observers  obtained  brush  discharges  for  shorter 
distances. 
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286.  DiflOliarge  from,  a  point  to  a  plane.  TOpler*!  in- 
veatlgationa  of  point  dtsohargos.  If  one  of  the  electrodes 
is  a  sphere  and  the  other  a  plane  at  a  fixed  distance  from 
it,  the  spark  is  preceded  by  a  brush  discharge  when  the 
radius  of  the  sphere  is  below  a  certain  valae.  A  further 
reduction  in  the  radius  of  the  sphere  is  neoessar;  is  order 
to  obtain  a  glow  discharge. 

According  to  Topler,*  who  has  investigated  the  varions 
conditiona  under  which  the  different  types  of  disohai^e  are 
obtained,  a  glow  does  not  occnr  in  the  discharge  Jrom  a 
sphere  to  a  plane  surface  when  the  diameter  of  the  sphere 
exceeds  1-5  centimetres.  The  glow  covers  the  snrface  of 
the  oondnctor  where  the  electric  force  is  large,  and  does 
not  extend  normally  in  bright  lines  fix)m  isolated  points 
as  in  the  case  of  a  brush  discharge. 

The  glow  discharge  is  associated  principally  with  posi-  , 
tively  charged  surfaces,  and  in  the  discharge  from  a  rounded 
end  of  a  wire  to  a  plane  this  type  is  obtained  when  the  | 
current  does  not  exceed  2  x  10"*  ampere,  and  the  distance  I 
between  the  point  and  the  plane  is  greater  than  1-6  oenti-  1 
metres-t  j 

An  increase  in  the  current  converts  the  glow  either  into    ' 
a  brush  or  a  series  of  sparks.    The  particular  form  assumed 
by  the  current  depends  on  the  capacity  of  the  electrodes 
and  the  distance  of  the  point  from  the  plate.  | 

"When  the  capacity  is  very  small,  the  glow  is  converted  i 
by  an  increase  of  current  into  a  brush,  and  that  form  of 
discharge  is  maintained  until  the  discharge  assumes  the    | 
appearance  of  an  arc  I 

When  a  condenser  of  small  capacity  is  connected  to  the  A 
point,  the  glow  tends  to  be  converted  into  a  spark  discharge  j 
as  the  current  increases,  but  for  the  larger  distances  a  , 
brush  intervenes  between  the  glow  and  spark  discharges.  | 
Thus,  when  the  discharge  takes  place  from  the  end  of  a  wire  i 
■5  millimetre  in  diameter  and  the  wire  is  connected  to  a 
condenser  of  50  cm.  capacity,  a  glow  discharge  takes  place 

■  M.  TOpler,  Ann.  der  Phjt.  7,  P.  477,  1902.  ' 

t  Ibid.,  a,  p.  560, 1900.  I 
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'vhea  the  coirreut  is  less  than  2  x  10~^  ampere,  which  becomes 
converted  into  a  series  of  sparks  when  the  distance  from 
the  point  to  the  plane  is  between  2  and  7  centimetres. 
For  larger  distances  the  glow  is  first  converted  into  a 
brush  and  the  bmsh  subsequently  into  a  series  of  sparks, 
when  the  current  increases. 

When  the  wire  is  negatively  charged  a  glow  sarrounding 
the  point  may  be  obtained,  but  only  with  very  small 
currents.  The  discharge  in  this  case  tends  to  assume  the 
form  of  a  brush  when  the  currents  exceed  a  certain  value, 
which  is  of  a  much  smaller  order  than  10*  ampere.  The 
negative  brush  may  develop  into  a  continuous  arc  or  a 
series  of  sparks  as  the  current  increases,  according  aa  the 
capacity  connected  to  the  point  is  small  or  large. 

A  glow  also  occurs  over  the  surface  of  a  charged  wire 
or  cylinder  when  it  is  at  a  large  distance  from  other 
conductors,  or  when  the  cylinder  is  surrounded  by  a  large 
coaxial  cylinder.  The  latter  case  is  of  interest,  as  the  force 
at  any  point  of  the  field  between  the  two  conductors  may 
be  expressed  by  a  simple  formula  when  the  current  is  small, 
and  it  may  be  shown  that  in  this  case,  as  in  the  case  of 
the  discharge  between  parallel  plates,  the  conductivity  is 
produced  by  the  action  of  positive  and  negative  ions  on 
molecules  of  the  gas. 

When  a  discharge  takes  place  from  a  sharp  point  one  or 
two  centimetres  from  a  plate  or  large  sphere,  a  small  con- 
tinuous current  passes  through  the  gas,  which  in  Its  initial 
stages  ia  not  accompanied  by  any  luminous  effect  in  the 
gas.  The  air  in  this  case  begins  to  conduct  when  the 
potential  di£Ference  between  the  point  and  plane  is  com- 
paratively small,  between  1,000  and  2,000  volta.  The  sharper 
the  point  the  less  the  potential  required  to  produce  the 
discharge,  and  it  is  remarkable  that  the  potential  necessary 
to  start  the  discharge  is  much  less  when  the  point  is 
negatively  charged  than  when  it  is  positively  charged.  If 
the  point  is  blunt,  such  as  the  rounded  end  of  a  wire 
'S  millimetre  diameter,  the  initial  potential  is  the  same 
for  positive  and  negative  discharges.    With  larger  wires 
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the  initial  potential  for  positive  discharges  is  less  than  for 
negative  discharges. 

The  dark  discharge  may  be  converted  into  a  glow  and 
a  glow  into  a  brush  dischai^e  by  increasing  the  current. 

287.   Determination  of  sparking  potentials.     In  order  to 
obtain  a  consistent  series  of  observations  of  sparking  poten- 
tials, there  are  some  points  of  practical   importance  that 
shonld  be  observed.    Two  conditions  are  necessary  in  order    : 
to  prodnoe  a  spark  between  two  conductors :  the  potential    I 
difference  must  not  be  less  than  a  definite  value  F,  and    j 
it  is  necessary  to  have  some  ions  in  the  gas  initially  by 
means  of  which  a  large  number  may  be  generated  by 
collisions  with  the   molecnles.     The  importance   of  the 
initial     ionization    has    been    recognized    comparatively 
recently,  and  the  first  indication  of  this  necessary  con- 
dition was  given  by  the  discovety,  made  by  Hertz,  that 
sparking  is  facilitated  when  ultra-violet  light  falls  on  the  V 
electrodes.    Several  experiments  that  have  been  made  on    < 
this  and  similar  effects*  gradually  led  to  the  conolnsion, 
definitely  stated  by  Warburg,f  that  in  general  discharges    | 
are  immediately  preceded  by  a  small  onrrent  in  the  gas. 
Warburg  was  unable  to  detect  this  small  current  by  means 
of  a  sensitive  electrometer,  but  he  quotes  experiments  on 
the  effect  of  a  magnetic  field  on  the  sparking  potential 
which  led  him  to  form  this  conclusion. 

The  investigations  show  that  under  ordinary  conditions, 
when  a  potential  difference  is  established  between  two 
electrodes  which  is  sufiSciently  great  to  produce  a  spark, 
the  discharge  may  not  pass  immediately,  but  if  the  poten.  . 
tial  is  kept  constant  a  discharge  eventually  takes  place  at 
a  time  which  may  be  as  much  as  several  minutes  after  the 
potential  is  established.  The  interval  between  charging 
the  electrodes  and  the  passage  of  the  discharge  is  denoted 
by  Warburg  as  the  retardation.  The  sparking  potential  V 
may  be  defined  as  the  least  potential  required  to  prodnoe 

*  See  0.  Jaumann,  Wied.  Ann.  56,  p.  656, 1895. 
t  E.  Warburg,  Wied.  Ann.  62,  p.  3S5, 1897 ;  Siti.  der  Akad.  der  Wita. 
EH  Berlin,  10,  p.  128, 1897. 
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a  spark  when  some  of  the  gas  is  ionized  initially.  When 
a  potential  only  slightly  greater  than  V  is  applied,  the 
retardation  may  be  very  long  if  the  initial  ionization  is  Very 
smalL  The  average  value  of  the  retardation,  nnder  given 
conditions,  diminishes  as  the  applied  potential  exceeds  the 
sparking  potential.  When  no  light  is  falling  on  the  elec- 
trodes, Warborg  found  that  on  many  occasions  no  spark 
passed  when  a  potential  difference  fonr  or  five  times  as 
great  as  the  sparking  potential  was  established  between 
the  electrodes  for  a  short  period  of  the  order  10~'  second. 
The  tendency  of  the  spark  to  pass  as  soon  as  the  potential 
is  applied  increases  when  the  electrodes  are  exposed  to 
daylight.  When  ultra-violet  light  acts  on  the  negative 
electrode,  or  when  Bdntgen  rays  traverse  the  gas,  the  spark 
passes  almost  as  soon  as  the  electromotive  force  is  applied. 
In  these  cases  the  smallest  potential  required  to  produce 
the  spark  is  very  definite  and  only  varies  by  a  small  per- 
centage when  large  variations  are  made  in  the  intensity 
of  the  light. 

Under  ordinary  conditions,  when  the  electrodes  are 
charged  t^e  potential  cannot  be  assumed  to  be  less  than 
the  sparking  potential  if  a  spark  does  not  pass  immediately ; 
it  is  necessary  to  muntain  the  potential  for  some  minutes 
before  any  conclusion  can  be  arrived  at.  When  this  pre- 
caution is  observed  the  sparking  potentials  obtained  in 
ordinary  daylight  are  practically  the  same  as  those  found 
when  Bdntgen  rays  or  ultra-violet  light  traverse  the  gas. 

SS8.  Causes  vMoh  inflnenoe  tlie  aoouraoy  of  determina- 
tions of  the  sparking  potential.  When  no  special  precau- 
tions are  taken  to  provide  initial  ionization  it  has  beeoi 
found  that,  after  the  first  spark  has  passed  between  the 
electrodes,  the  potential  required  to  produce  the  second 
spark  is  smaller  than  that  required  to  produce  the  first. 
It  is  probable  in  these  cases  that  the  difference  between 
the  observed  potentials  would  have  disappeared  if,  in  the 
first  instance,  the  effect  of  the  charge  had  been  observed 
for  a  longer  time  or  if  additional  ions  had  been  produced 
between  the  electrodes  by  rays  from  some  external  source. 
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The  reoaoa  which  is  someiiines  given  to  explain  why  the 
Becond  spark  passes  easier  than  the  first  is  that  some  of 
the  ions  generated  in  the  fiist  discharge  remain  in  the  gas, 
and  provide  the  initial  ionization  which  causes  the  second 
spark  to  pass  more  readily. 

It  is  probable  that  the  effect  arises  in  some  way  from  an 
increase  of  the  initial  ionization,  but  it  cannot  be  due  to 
ions  lefl  in  the  gas  from  the  first  discharge.  They  dis- 
appear very  quickly  by  dlfiiision  to  the  surface  of  the 
electrodes,  but  even  if  there  were  no  diffusion,  the  way  in 
which  the  experiments  are  conducted  precludes  the  possi- 
bility of  any  effect  arising  from  the  residual  ions,  for  when 
the  potential  is  gradually  raised,  any  ions  that  may  be  left 
between  the  electrodes  are  removed  almost  immediately  by 
the  smaller  forces,  and  when  the  sparking  potential  is 
approached  there  would  be  no  ions  left  in  the  gas  that  were 
generated  in  the  first  discharge. 

Two  possible  causes  may  facilitate  the  passage  of  the 
second  spark ;  the  surface  of  the  negative  electrode  may 
be  altered  by  the  first  discharge  and  the  small  efiect 
due  to  ordinary  daylight  increased,  or  the  gas  may  be 
altered  by  the  action  of  the  large  current  that  passes  in 
the  first  discharge.  The  modifications  of  the  properties  of 
gases,  produced  by  discharges,  have  recently  been  studied 
by  Strutt,*  who  found  that  nitrogen  continues  to  glow  for 
a  short  time  after  an  electric  discharge  has  been  passed 
through  it,  and  that  the  glowing  gas  conducts  well  even 
tmder  an  electromotive  force  of  a  few  volts.  Some  small 
effect  of  this  kind  may  prevail  for  some  minutes  after 
a  discharge  has  passed,  which  could  only  be  detected  by 
a  very  sensitive  electrometer,  but  would  make  a  great 
difference  in  the  initial  ionization  that  facilitates  the  second 
spark. 

38B.  First  determination  of  aparking  potentials  by  Kelvin. 
The  earliest  measurements  of  sparking  potentials  in  abso- 
lute units  were  made  in  1860  by  Kelvin  t  shortly  afler  he 

"  Hon.  R.  J.  Strutt,  Proc.  Roy.  Soc.  87,  p.  183,  1912. 
+  W.  Thomson,  Proc.  Roy.  Soc  10,  p.  826,  1860. 
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had  perfected  hi3  well-known  electrostatic  voltmeters. 
These  were  used  to  determine  the  electromotive  force 
required  to  prodace  eparka  between  two  flat  sarf&ces  in 
air  at  atmospheric  pressure.  The  surfaces  were  not  quite 
plane,  but  were  very  slightly  convex  in  order  that  the 
edges  of  the  electrodes  should  be  further  apart  than  the 
central  portion.  The  curvature  was  so  slight  that  the 
electric  force  was  practically  uniform  in  the  air  between 
the  central  parts  of  the  two  opposing  surfaces  where  the 
sparking  took  place.  The  differences  of  potentials  pro- 
ducing sparks  across  different  thicknesses  of  air  were 
measured  first  with  the  absolute  electrometer  and  after- 
wards by  the  portable  torsion  electrometer.  The  absolute 
electrometer  referred  to  was  the  attracted  disc  electrometer, 
and  was  arranged  to  measure  the  maximum  electric  forces 
across  the  stratum  of  air ;  whereas  the  measurements  by 
the  portable  electrometer  were  of  electromotive  forces  pro- 
ducing sparks.  The  latter  determinations  are  presumably 
mean  values  of  the  potential  while  a  continuous  series  of 
sparks  passes  between  the  electrodes,  and  would  be  much  less 
than  the  maximum.  The  measurements  with  the  attracted 
disc  electrometer  are  the  sparking  potentials  or  the  '  electro- 
static force  preceding  the  spark '.  These  latter  have  been 
given  in  absolute  units  and  when  reduced  to  volts  the 
values  of  the  sparking  potentials  in  air  at  atmospheric 
pressure  between  flat  surfaces  at  different  distances  as 
given  by  Kelvin  are: — 


DiBt&nceain 
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These  valaes  are  smaller  than  those  obtained  in  sub- 
seqaent  inTestigations.  This  ia  probably  dae  to  the  cause 
suggested  by  Bailie,  who  attributed  the  low  values  to  the 
increase  of  temperature  of  the  air  produced  by  the  con- 
tinuous series  of  sparks,  as  it  appears  from  the  description 
Kelvin  gives  of  his  experiments  that  the  measarements  were 
taken  while  a  number  of  sparks  were  passing. 

In  order  to  test  this  point.  Bailie  *  made  some  experiments 
to  determine  the  maximum  potential  between  plane  elec- 
trodes, with  an  attracted  disc  electrometer,  while  sparks 
were  passing  at  various  rates.  He  found  that  the  potentials 
were  constant  so  long  as  the  sparks  did  not  pass  more 
frequently  than  once  in  five  seconds,  when  the  sparks 
passed  at  the  rate  of  two  a  second  the  potential  fell  about 
7  per  cent.,  and  with  continuous  sparking  the  reduction 
was  10  per  cent. 

240.  De  la  Bue  and  Hiiller's  inveatigations.  Among  the 
earlier  experiments,  those  made  by  de  1&  !Rue  and  Miiller  f 
are  of  considerable  importance.  The  sparking  potentials 
for  air  were  determined  when  the  electrodes  were  at  different 
distances  apart  and  also  when  the  electrodes  were  at  a  fixed 
distance  and  the  pressure  was  reduced.  These  determina- 
tions were  made  with  the  large  battery  of  10,000  silver 
chloride  cells  that  were  used  in  the  interesting  series  of 
investigations  on  various  subj  ects  connected  with  dia- 
oharges  which  are  published  in  the  Transactions  of  the  Boyal 
Society. 

The  investigations  of  the  sparking  potentials  between 
a  given  pair  of  parallel  plates  led  to  the  conclusion  that  the 
sparking  potential  depended  only  on  the  number  of  molecules 
between  the  plates. 

One  series  of  values  of  sparking  potentials  was  obtained 
for  discharges  passing  between  spherical  surlaces  at  dis- 
tances from  -0126  to  -21  centimetre,  in  air  at  atmospherio 
pressure.    The  electrodes  were  convex  discs  3-8  centimetres 

*  J.  B.  Bailie,  Ann.  de  Chim.  et  de  Phjs.  (5)  25,  p.  486, 1882. 
+  W.  de  la  Bue  and  H.  W.  Uttller,  PhU.  Tmu.  171,  p.  109, 1880. 
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in  diameter,  the  radius  of  curvature  being  7-6  centimetres. 
At  the  centre  of  the  discs  the  field  of  force  was  praoticolly 
uniform,  as  the  spark  lengths  were  so  short  compared  with 
the  radius  of  curvature.  The  mean  values  of  the  observa- 
tions for  the  different  distances  are  given,  and  if  a  curve  * 
be  drawn  through  the  points  whose  ordinates  are  the 
potentials,  and  abscissae  the  products  of  the  distances  S 
between  the  electrodes  and  the  pressure  p  =  760,  the 
potential  corresponding  to  any  particular  value  of  the  pro- 
duct pS  may  be  found. 

The  potentials  thus  obtained  may  be  compared  with  those 
found  for  parallel  plates  when  the  distance  was  constant  at 
3-3  millimetres  and  the  pressure  of  the  air  was  reduced  fix)m 
709  millimetres  to  9-7  millimetres.  The  following  table 
gives  the  potentials  obtained  in  these  experiments  when 
the  temperature  was  15-2°  C.  The  pressures^  are  given  in 
the  first  column,  the  product  pS  in  the  second  column, 
aJid  the  potentials  V  when  S  =  -33  centimetre  in  the  third 
column.  The  potentials  V  for  the  same  values  of  the  pro- 
duct p8  given  in  the  fourth  column  are  obtained  from 
the  curve  drawn  from  the  observations  at  different  distances 
when  the  pressure  was  constant  at  760  mm. 


pS 


in  volta, 

Fin  vol 

:  -  -33. 

p-7B< 

11,300 

L0,200 

9,100 

9.100 

8,000 

7900 

6,480 

6,400 

4,M0 

4,800 

3,710 

3,900 

2,470 

2,620 

1,240 

1,320 

709-6 
636-5 
548-7 
4560 
858-7 
244-6 


The  agreement  between  the  numbers  in  the  two  last 
columns  shows  that  the  sparking  potential  depends  only  on 
the  product  px8.  The  importance  of  this  result  was  noticed 
by  de  la  Rue  and  Milller,  and  they  concluded  that :  '  The 
potential  necessary  to  produce  a  discharge  between  parallel 

*  A  part  of  this  curve  is  given  in  figure  57. 
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flat  surfaces  at  a  constant  distance  and  various  pressores,  or 
at  a  constant  pressure  and  various  distances  may  be  repre- 
sented by  hyperbolic  curves.  The  resistance  to  the  dis- 
charge between  parallel  flat  surfaces  being  as  the  aomber 
of  moleooles  intervening  between  the  plates.' 

They  also  point  out  that  this  law  does  not  apply  to  poiut 
discharges. 

241.  Sparking  potentialB  determined  b7  Bailie  and 
Paaohen,  Bailie  also  measured  the  potential  required  to 
produce  sparks  in  air  at  atmospheric  pressure  between  fiat 
sur&ces  and  spheres  (from  6  centimetres  to  1  millimetre 
in  diameter).  His  results  show  that  the  sparking  potentials 
are  practically  the  same  for  plane  electrodes  and  spherical 
electrodes,  provided  that  the  radius  of  the  sphere  is  not  less 
than  the  spark  length,  and  there  is  but  little  difference 
between  the  sparking  potentials  for  spherical  electrodes,  of 
diameters  between  6  centimetres  and  3-5  millimetres  when 
the  distance  between  the  electrodes  does  not  exceed  the 
diameter  of  the  sphere.  The  potential  required  to  produce 
a  spark  of  given  length  S  diminishes  with  the  diameter  D 
of  the  electrode  when  D  is  less  than  S, 

Similar  experiments  were  made  by  Pasohen,*  who  obtained 
resnlts  of  the  same  general  character  and  consistent  among 
themselves.  The  absolute  values  of  the  potentials  corre- 
sponding to  the  larger  values  of  pS  are  in  good  agree- 
ment with  those  obtained  in  previous  investigations,  as  is 
shown  by  the  following  table  {given  by  Paschen)  of  the 
potentials  required  to  produce  sparks  in  air  at  atmospheric 
pressure  between  spheres  of  one  centimetre  radius,  as  , 
obtained  by  Baille,t  Quincke,t  and  Czermak.^ 

*  F.  I^Mchen,  Wied.  Ann.  37,  p.  69,  1B89. 

t  J.  B.  Bailie,  Ann.  de  Chim.  et  de  Phjn.  (5)  26,  p.  486, 1882. 

t  0.  Quincke,  Wied.  Ann.  19,  p.  545, 1883. 

$  P.  Czecmtik,  Wien.  Berichte,  07  (Il>),  p.  SOT,  1888. 
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Spabeimg  P0TBHTIAL8  IK  Elbctbosiatio  Units. 


1 

Curmak. 

Piuchen                   1 

centimetrea.             1 

from  obwrrft- 
tioDB  made 
in  winter. 

from  obeerrik- 
tioni  made 
in  Bunimer. 

•1 
•2 
■8 
■4 

1512  1    14-78 
26-37  ,    26-39 
36-M      87.31 
47-20     46-69 

15-14 
2647 
37-50 
47.69 

16-08 
27-75 
88-85 
49-41 

15-84 
26-74 

87.88 
48-26 

The  difference  between  the  numbers  in  the  last  two 
columns  is  due  to  a  temperature  change  of  about  8^  0. 
For  smaller  values  of  the  product  of  pS,  the  potentials 
given  by  Paschen  are  considerably  larger  than  those  found 
by  BaiUe. 

Paschen  also  investigated  the  effect  of  changes  in  pres- 
sure, in  Older  to  find  if  the  potential  F  is  a  function  of 
the  product  p8.  His  experiments  cover  a  large  range  of 
pressures  and  spark  lengths,  and  they  verify  this  relation  in 
a  remarkable  manner. 

24a.  Bparkiiig  potentials  determined  by  Carr.  Mors 
recently  a  series  of  experiments  have  been  made  by  Carr, 
corresponding  to  cases  in  which  the  product  p8  has 
smaller  values  than  were  taken  in  previous  investigations. 
When  p  is  measured  in  millimetres  of  mercury  and  S  in 
centimetres,  the  sparking  potential  for  parallel  plates  in  air 
attains  a  minimum  value  when  pS  is  about  -6.  When  the 
pressure  is  reduced  below  the  value  -S/S  the  potential 
increases  rapidly  as  the  product  pS  diminishes.  The 
potentials  investigated  by  Can  were  in  the  neighbourhood 
of  the  minimum  sparking  potential  and  corresponded  to 
values  of  the  product  pS  between  the  limits  -1  and  IS. 
The  potentials  were  established  by  means  of  a  battery 
of  small  accumulators  having  a  maximum  potential 
of  1,800  volts.  These  experiments  were  made  after  the 
retardation  had  been  investigated,  and  Carr  was  careful 
to  maintain  the  potential  difference  between  the  electrodes 
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for  a  considerable  time,  as  in  some  cases  the  discharge 
/did  not  take  place  until  ten  or  fifteen  minntes  after  con- 
necting the  electrodes  to  the  battery. 

When  the  pressure  is  reduced  below  the  value  corro-  | 
sponding  to  the  minimum  sparking  potential,  and  the 
electrodes  are  set  up  inside  a  large  air-tight  recaiTer,  the 
diachai^  does  not  take  place  across  the  shortest  distance  ' 
between  the  electrodes,  but  tends  to  start  from  the  edges 
and  to  follow  a  longer  path,  for  which  the  value  of  pS  is 
more  nearly  equal  to  -e. 


Figure  56. 

In  order  to  avoid  this  difficulty  Caur  used  plane  electrodes 
a,  a',  resting  on  an  ebonite  ring  c,  figure  56.  The  electrodes 
were  embedded  in  ebonite  discs  D  and  1/  fitting  into  the 
glass  tube  T  and  the  joints  were  made  air-tight  with  sealing 
wax.  Experiments  were  made  with,  iron,  zino,  aluminium, 
and  brass  electrodes,  bnt  the  sparking  potentials  were  found 
to  be  independent  of  the  metal  that  was  used.  The  gas 
was  led  into  the  space  between  the  electrodes  through 
narrow  channels  leading  through  the  ring  c.     With  this 
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arrangement  the  spark  can  only  take  place  across  the  spaue 
where  the  field  of  force  is  uniform  and  the  spark  length  iS" 
is  equal  to  the  thickness  of  the  ebonite  ring  c.  For  the 
tange  of  values  of  the  product  pS  between  -1  and  IS,  Carr 
found  that  the  sparking  potentials  in  air  depended  only  on 
the  number  of  molecules  between  the  plates,  the  same  result 
is  was  previously  found  by  de  la  Bue  and  Milller  and  by 
t>aachen. 

348.  Sparking  potentials  independent  of  the  temporature 
when  the  density  of  the  goa  is  oonatant.  Hence  when  the 
temperature  is  constant  the  sparking  potentials  corre- 
sponding to  different  pressures  p  and  lengths  S  for  parallel- 
plate  electrodes,  or  for  spherical  electrodes  when  the  radius 
of  curvature  exceeds  the  spark  length,  may  be  expressed  by 
tneans  of  a  curve  of  which  the  ordinates  are  the  potentials 
And  the  abscissae  the  product  pS. 

The  curves  corres^nding  to  ordinary  temperatures  may 
be  extended  to  other  temperatures  if  the  abscissae  be  taken 
^  the  density  of  the  gas.  The  effect  of  an  increase  of 
temperature  on  the  sparking  between  electrodes  was  iirst 
clearly  shown  by  Harris,*  who  found  that  when  air  is  con- 
tained in  an  air-tight  receiver,  so  that  the  density  remains 
constant,  the  potential  difference  between  two  electrodes 
required  to  produce  a,  discharge  was  unaltered  when  the 
temperature  varied  from  50°  to  300°  Fahrenheit.  When 
the  gas  was  allowed  to  expand  by  heating,  the  potential 
was  reduced  to  the  same  extent  as  when  the  temperature 
is  constant  and  the  changrf  ii  density  is  made  by  reducing 
the  pressure.  "* 

The  same  result  has  been  obtained  more  recently  by 
Cardanif  over  a  larger  range  of  temperature.  The  sparking 
potential,  in  these  investigations,  was  found  to  be  inde- 
pendent of  temperature  changes  up  to  300"  C,  when  the 
density  of  the  gas  is  constant. 

Hence  if  the  curves  representing  the  sparking  potentials 

•  W.  Snow  Harris,  Phil.  Trans.  134,  p.  280,  1834. 

t  M.  Caidaoi,  Bendicotiti  della  R.  Ace.  dei  Lincei,  6,  p.  44,  1883. 
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in  terms  of  the  products  pS  be  taken  as  giving  the  poten- 
tials for  goaes  at  ]5°C.,  the  sparking  potential  at  any 
temperature  f  0.  and  pressure  p  may  be  found  by  taking 

the  quantity  pS  ^rr — 7  as  the  absciasa  of  the  point. 

244.  Values  of  the  potential  required  to  prodnoe  a  spark 
through  air  between  parallel  plates  expressed  in  terms 
of  the  product  p8.     The  sparking  potentials  for  parallel 
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plates  obtained  by  the  different  physicists  are  represented    [ 
by  the  curves  given  in  the  figures  57,  58,  69,  and  60,  which 
correspond  to  different  ranges  of  the  product  ^jS'. 

The   results   differ  by  amounts  which  exceed   ordinary 
.experimental  errors.    The  high  values  obtained  by  Bailie  . 
and  Faschen  may  be  due  to  the  fact  that  at  the  time  their 
investigations  were  made  it  was  not  realized  that  a  spark 
may  not  pass  until  some  minutes  af^r  the  electrodes  are 
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charg^Bd,  lu  Kelvin's  ezperiments  vhere  sparks  passed  io 
more  rapid  succession,  the  retardation  did  not  produce 
a  serioQS  ^ect,  but,  as  Bailie  has  shown,  the  sparking 
potentials  obtained  when  sparks  pass  continuously  are  too 
low,  owing  to  an  increase  of  temperature,  which  reduces 
the  number  of  molecules  between  the  plates  when  the 
pressure  is  constant. 

It  will  be  noticed  that  as  the  values  of  pS  increase 
there  ia  better  agreement  between  the  different  observers. 
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Figare  58.    j>  id  milliinetreg  of  mei-cury,  S  in  centimetree. 

The  initial  ionization,  which  develops  into  a  discharge 
under  the  action  of  the  electric  force,  arises  from  various 
causes,  the  most  efficient  being  the  ultra-violet  effect,  as 
has  been  shown  by  Warburg.  The  initial  ionization  may, 
therefore,  be  considerably  increased  as  the  distance  8  is 
increased  and  more  light  falls  on  the  electrodes.  The 
initial  ionization  arising  from  other  causes  also  increases 
with  the  number  of  molecules  between  the  plates,  so  that 
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errors  are  leas  likely  to  occur  with  the  higher  values  of 
pS,  when  the  effect  of  the  retardation  is  not  taken  into 
consideration. 

The  sparking  potentials,  given  in  Chapter  IX,  which  are 
the  values  of  the  potentials  obtained  when  ultra-violet 
light  falls  on  the  negative  electrode,  are  represented  by 
the  curve  6,  figure  59,  and  are  not  much  different  from 
those  found  by  Carr. 

246.  Sparking  potentials  in  diSbrent  gases  at  high  pres- 
Bores.  For  the  lai^er  potentials  the  curves  are  practically 
straight  lines  and,  taking  the  numbers  given  by  Bailie,  it 
may  be  seen  that  for  values  of  the  product  of  pS  above  100 
the  potential  is  given  by  the  equation 
V=  39^)5+1700, 
and  the  corresponding  electric  forces  between  the  electrodes 
are  given  by  the  equation 

^     „«     1700 

The  expression  shows  that  the  ratio  of  X/p,  corresponding 
to  the  sparking  potential,  diminishes  continuously  as  pS 
increases  from  the  smallest  to  the  lai^est  values.  When 
pS  =  760,  X/p  =  41-2,  and  the  above  equation  shows  that 
the  value  of  X/p  when  sparking  takes  place  in  a  nniform 
field  does  not  fall  below  the  value  39. 

Since  the  sparking  depends  upon  the  actions  of  the 
positive  and  negative  ions  in  generating  others  by  colli- 
sions, neither  of  these  effects  can  vanish  for  values  of  X/p 
greater  than  39  or  40 ;  but  since  ^  is  less  than  a,  and 
spaj-king  does  not  take  place  when  X/p  is  less  than  39,  it 
may  be  assumed  for  all  practical  purposes  that  ^  is  zero 
when  X/p  is  less  than  39.  This  £ict  is  of  importance  in 
the  theory  of  the  discharge  from  the  surface  of  a  wire. 

Similar  results  may  be  obtained  for  other  gases  by  taking 
the  values  found  by  Wolf  for  the  sparking  potentials  at 
high  pressures,  the  potential  being  a  linear  fnuction  of 
the  pressure  when  the  distance  between  the  electrodes  is 
constant.    The  following  table  gives  the  potentials  V  in 
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electrostatic  units  required  to  produce  sparks  throngh  dif- 
ferent gases  between  two  spheres  of  5  centimetres  radii 
when  the  spark  length  is  one  millimetre,  P  being  the 
pressure  in  atmospheres.* 

In  the  experiments  with  hydrogen  the  pressure  was 
increased  from  1  to  9  atmospheres,  and  with  the  other 
gases  the  pressure  was  increased  from  1  to  5  atmospheres. 
The  potentials  may  also  be  expressed  in  terms  of  the 
product  pS,  since  they  depend  only  on  the  numbers  of 
molecules  between  the  electrodes.  The  sparking  potentials 
in  volts  corresponding  to  values  of  the  product  pS  exceeding 
76  (p  being  measured  in  millimetres  of  mercury  and  S  in 
centimetres),  are  also  given  in  the  following  table : — 

Kin  etectrortatic  units,  Fin  volts 

Pin  atmoepherea,  in  tennaof  pS. 
S  =  .l. 

6-509  P  + 6-2  25-6  j»S+ 1860 

9-60    P+4-4  88-0pS+lS2O 

10-7     P  +  3-9  A2-lpS+n70 

12-08    P+5-0  47-6J.S+1500 

10-22    P  +  7-2  i<H  pS+ 21%0 

The  numerical  coefScients  of  the  product  p8  in  the 
second  column  represent  the  values  of  X/p  in  the  different 
gases  for  which  the  value  of  /3  vauisheB. 

246.  Sparking  potentials  in  diffbrent  gases  at  low  pres- 
sures. Several  determinations  have  been  made  of  the 
sparkling  potentials  in  different  gases.  Among  the  earliest 
are  the  investigations  made  by  de  la  Rue  and  Milller,  who 
found  the  potentials  required  to  produce  sparks  through 
hydrogen  and  carbonic  acid  between  flat  sur&ces  for 
different  pressures  of  the  gases.  With  hydrogen  the  plates 
were  set  at  5-88  millimetres  apart  and  the  pressure  was  varied 
from  760  to  15-4  millimetres  of  mercury.  With  carbonic 
acid  the  plates  were  at  3-096  millimetres  apart  and  the 
pressure  varied  from  760  to  31-3  millimetres  of  mercury. 

The  sparking  potentials  in  these  gases  have  also  been 

investigated  by  Paschen,  and  as  in  air  it  was  found  that  for 

•  H.  Wolf,  Wied.  Ann.  87,  p.  306, 1889. 
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uniform  electric  fields  the  potential  depended  only  on  the 
product  of  the  pressure  and  the  spark  length.  The  electrodes 
were  spheres  of  one  centimetre  radius,  and  the  distances 
varied  from  a  millimetre  to  6  or  8  millimetres,  but  in  no 
case  did  they  exceed  a  centimetre.  Under  these  conditions 
the  potentials  obtained  in  these  gases,  as  in  air,  are  practically 
the  same  as  if  the  electrodes  were  plane  surfaces.  The 
pressure  in  Paschen's  experiments  was  varied  from  2  centi- 
metres to  76  centimetre. 

The  following  are  the  sparking  potentials  in  electrostatic 
units  (300  volts  =  1  E.S,  unit)  for  hydrogen  and  carbonic 
acid  as  given  by  Faschen.  The  table  also  contains  the 
potentials  which  were  deduced  from  the  numbers  given  by 
de  la  Rue  and  Miiller. 


Hydrogen. 
De  In  Rue  and     ti„, 
HQller.  ^"' 


C&rbonic  Acid. 


-4 

_ 

189 

__ 

8-70 

■S 

2-20 

4-27 

-8 

2-43 

4-88 

10 

2-2 

2-82 

4-3 

5-38 

1-2 

3-13 

5-79 

15 

3-51 

6-46 

2* 

3'3 

4-09 

60 

7-57 

2-5 

4-65 

8-61 

3.0 

4-7 

8-0 

968 

3.5 

5-76 

10.68 

4.0 

6-7 

628 

9-7 

11-56 

4.5 

6-84 

12-43 

5-0 

6-7 

7-29 

113 

18-27 

5.5 

7-80 

14-06 

6-0 

7-3 

8-27 

12^7 

14-81 

6.5 

8-75 

15-57 

70 

8-7 

9-19 

14-3 

14-34 

7.5 

9.68 

17-37 

8-0 

9^3 

9-96 

16-0 

17-92 

9.0 

10-3 

10-86 

18-0 

19-36 

10.0 

II3 

U69 

190 

20-66 

12.0 

■13-3 

1332 

220 

23-31 

15-0 

160 

15-69 

27-0 

27-27 

20-0 

200 

19-45 

83-3 

33-39 

25.0 

24.0 

2309 

89-19 

300 

29-0 

26-68 

45  09 

35-0 

33-0 

30-18 

51-07 

42-0 

890 

34-75 

59-09 

450 

36-71 

— 

62-35 

j.,r,i,z<»i.vGoogIe 


360      DISCHARGES  BETWEEN  CONDUCPOKS 

Carr*  has  also  investigated  the  potentials  required  to 
produce  sparks  through  various  gases  between  parallel  plates, 
when  the  pressures  are  low,  bo  as  to  include  cases  in  which 
the  values  of  the  product  pS  are  above  and  below  the 
value  corresponding  to  the  mlnimuin  sparking  potential. 

In  all  cases  it  was  found  that  the  potential  depended  only 
on  the  product  of  the  pressure  and  the  spark  length. 

The  following  table  gives  the  sparking  potentials  obtained 
by  Carr  in  different  gases  corresponding  to  a  fixed  distance 
of  3  millimetres  between  the  plates,  when  variations  are 
made  in  the  pressure.  Tlie  potentials  V  are  given  in  volts, 
and  the  pressure  p  in  millimetres  of  mercury  (see  table  on 
p.  361). 

247.  Discharges  between  oo-axial  cylinders.  Oangain's 
experiments.  The  discharges  between  plates,  or  spherical 
electrodes  at  short  distances  apart,  are  of  importance  from  a 
theoretical  point  of  view,  since  the  field  of  force  between  the 
electrodes  preceding  the  discharge  is  uniform  and  many  of 
the  principal  features  of  the  discharge  may  be  explained  by 
the  theory  given  in  Chapter  IX.  "When  electrodes  of 
different  shapes  are  used,  the  electric  foroe  varies  along  the 
path  of  the  discharge,  and  in  most  cases  it  is  impossible  to 
make  an  accarate  Investigation  of  the  field  of  force.  The 
only  simple  example  of  a  field  of  force  that  is  not  uniform, 
and  at  the  same  time  is  perfectly  de^ite,  is  that  between 
two  co-axial  cylinders,  and  the  particular  case  in  which  the 
inner  cylinder  is  a  wire  and  the  outer  cylinder  a  large  tube 
is  of  interest  both  from  a  theoretical  and  a  practical  point 
of  view. 

The  forces  required  to  produce  discharges  through  air 
between  co-axial  cylinders  were  first  investigated  by 
Gangain,t  and  by  means  of  very  simple  apparatus  he  dis- 
covered the  principal  conditions  on  which  the  phenomena 
depend. 

The  discharge  that  takes  place  may  either  be  in  the  form 

•  W.  B.  Carr,  Phil.  Trana.  A,  SOI,  p.  403, 1903. 

t  J.  M.  GaugaiD,  Ann.  de  Chim.  et  de  Phjt.  (4)  8,  p.  75,  1866. 
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842        576 
4-85         523 
342        483 
2-82        468 
2-34        461 
1-94        458 
1-60        455 
1-33-        456 
1-10        463 
-910      498 
-759      538 
■625       681 
■517       766 
-428     1001 
■854     1250 
-294     1578 
-268     1802 

135       1145 
7-7        842 
4-5         651 
2.64       531 
230       5U 
201       501 
1'88      486 
1-61       471 
1-40       466 
1-23       461 
1-20      469 
1-04       467 
-92       459 
■80       465 
-70       481 
■62       498 
•56       631 
■43       621 
■27     1000 
■23     1590 

1 

1 

s 

It 
-1 

1 

8^64         716 
5^00         560 
2-95          470 
2^03         430 
1-70         420 
141          418 
118         422 
■982       430 
-816       450 
-670       600 
-560       581 
■466        706 
■389        866 
326      1061 
-277      1370 
■251      1880 

1-2 

^ 

«. 

8-76        674 
5-57        563 
8-55        477 
2-26        427 
1-91         420 
163        419 
141         425 
1-20        432 
102        449 
•875       487 
■758      542 
•651       599 
■568      699 
■482       816 
420       971 
•362     1162 
-814     1445 
■274     1756 

U 

R, 

186        415 
8-54       366 
540       301 
4-66       286 
402       278 
844       282 
293       292 
2-52       310 
2^1 5       366 
1-85       440 
1-59       564 
1-35       780 
1-16     1054 
1-00     1382 
■861   1789 

1^ 

I          1480 
1-5       1275 
1-6       1015 
14         790 
4-1         630 
9-31       526 
5-99       462 
3^84      406 
2^51       371 
218       361 
1-89       356 
1^64       358 
1-42       364 
1-22       375 
1-06       397 
•928     441 
■804     494 
■710     576 
■616     691 
■536     863 
■466   1092 
411    1395 
•357   1786 

_  ,-<,::..GoogIt: 
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of  a  spark  or  of  a  brush,  bat  in  either  case  the  potential 
difiference  between  the  electrodes  is  independent  of  the 
length  of  the  cylinders  provided  the  length  is  large  compared 
with  the  diameter  of  the  outer  cylinder.  The  inner  cylinder, 
in  hia  experiments,  was  a  long  wire  or  rod  which  projected 
throagh  the  open  ends  of  the  outer  cylinder,  and  was  either 
maintained  at  zero  potential,  or  connected  to  a  sensitive 
electroscope  arranged  so  that  the  leaves  should  touch  an 
earthed  conductor  when  they  diverged  through  a  small 
angle.  The  current  through  the  gas  was  measured  by  the 
number  of  times  the  leaves  touched  the  earthed  conductor 
in  a  minute.  The  outer  cylinder  was  a  thick  metal  tube 
with  bell-shaped  ends  so  as  to  increase  the  distance  between 
the  inner  cylinder  and  the  edges  of  the  tube.  The  discharge 
then  passed  between  the  central  parts  of  the  cylinders  and 
there  was  no  tendency  for  brushes  to  take  place  from  the 
edges  of  the  outer  cylinder.  The  outer  cylinder  was  charged 
by  an  electrostatic  machine,  and  the  potential  to  which  it 
was  raised  was  measured  by  a  graduated  electroscope  which 
became  charged  by  induction  to  a  potential  proportional  to 
the  potential  of  the  cylinder.  The  electric  force  at  a  point 
on  the  path  of  the  discharge  is  given  by  the  equation 
X  =  2  E/r  where  E  is  the  charge  per  unit  length  of  the  inner 
cylinder  and  r  the  distance  of  the  point  from  the  axis. 

248.  Force  at  the  surfooe  of  the  inner  ojrlinder  required 
to  produce  B  discharge.  The  potential  differences  Vrequired 
to  produce  discharges  were  measured  in  a  series  of  experi- 
ments in  which  outer  cylinders  of  various  diameters  2.Awere 
used  with  the  same  inner  cylinder  of  constant  diameter  2a. 
The  potential  V  was  found  to  increase  with  the  diameter  of 
the  outer  cylinder  in  such  a  way  that  the  force  at  the  surface 
of  the  inner  cylinder  was  independent  of  the  radius  A. 
The  charge  per  unit  length  of  the  inner  cylinder  being 
E=  V/{2log  A/a)  the  force  J,  at  the  surface  of  the  inner 
cylinder  is  X^  =  V/(a  log  A/a). 

The  following  numbers  give  an  example  of  the  experi- 
ments made  by  Graugain  when  the  inner  cylinder  was  one 
centimetre  in  diameter : 

DiailizodbvGoOgle 
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SadiuB  of  inner  cylinder  a  ■»  -5  centiiuetre. 


r 

in  electrostatic  nniU. 

A 

in  centimetres. 

r 

a\ogA/a 

43 
85-4 
118-2 

1 
2 
3 

125 
123 
126 

When  the  outer  cylinder  was  of  one  or  two  centimetres 
radius  the  discharge  always  passed  in  the  form  of  a  spark. 
With  the  larger  cylinder,  sometimea  a  brush  discharge  and 
sometimes  a  spark  discharge  took  place,  but  there  was  no 
appreciable  difference  between  the  potentials. 

When  the  inner  cylinder  was  a  wire  one  millimetre  in 
diameter  a  brush  discharge  took  place  in  each  case,  and  the 
potential  required  to  maintain  the  discharge  increased  as  the 
current  increased.  The  force  at  the  surface  of  the  wire 
required  to  produce  a  small  current  was  also  in  this  case 
found  to  be  independent  of  the  radius  A  of  the  outer  cylinder 
when  A  varies  from  1  to  5  centimetres.  The  force  X,  at  the 
surface  of  the  inner  cylinder  is  thus  independent  of  the 
radius  A,  where  A  exceeds  a  certain  value,  but  X,  increases 
as  the  radius  a  of  the  inner  cylinder  diminishes. 

248.  Becent  investigatiOQB  of  the  oritioal  force  for  high 
potential  wires.  The  force  Xj  =  Y/{a  log  A/a)  required  to 
produce  a  discharge  from  the  surface  of  a  cylinder  is  usually 
called  the  critical  force.  The  values  of  this  force,  in  terms  of 
the  radius  of  the  cylinder,  are  given  by  the  following  table, 
X^  being  measured  in  electrostatic  units: 


2a  in 

Xi 

^1 

Qangsin. 

Watson. 

95 

_ 

125 

133 

5 

145 

155 

1 

243 

223 

■27 

390 

•20 

425 

•11 

520 

— 

The  numbers  given  in  the  third  column  are  the  values  of 
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Z,  obtained  recently  by  Watson.  The  agreement  between 
the  two  seta  of  figures  is  very  satisfactory  considering  the 
kind  of  apparatus  that  was  used  in  the  earlier  experiments. 

The  phenomena  connected  with  the  discharge  of  electricity 
from  high-potential  wires  in  air  have  been  the  subject  of 
many  investigations  during  late  years,  as  a  considerable  loss 
of  energy  may  result  from  the  glow  discharge  when  wires 
of  high  potentials  are  used  to  convey  electric  energy  between 
stations  at  a  long  distance  apart.  In  addition  to  the  points 
investigated  by  the  earlier  physicists,  several  measurements 
have  also  been  made  recently  of  the  currents  from  tho 
surface  of  the  wire  when  the  potential  exceeds  the  minimum 
value  required  to  initiate  the  discharge. 

260.  Watflon's  determination  of  the  oritioal  forces.  A 
very  complete  investigation  has  been  made  by  "Watson* 
for  wires  increasing  in  diameter  from  -7  millimetre  to 
12-76  millimetres.    Measurements  were  made  of  the  critical 
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□tajnetir  oT  wire  In  ecnlimelrca 


r  pressure  ii 


stress,  or  the  force  at  the  surface  of  the  wire,  Xj=  Ty(alog  A/a), 

when  the  discharge  begins.    The  wire  in  these  experiments 

*  E.  A.  WataoD,  The  Blectriciaa,  Feb.  1 1,  1910. 
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was  stretched  along  the  axis  of  a  galvanized  iron  cylinder 
180  centimetres  long  and  20  centimetrea  in  diameter.  The 
ends  of  the  large  cylinder  were  closed  and  the  wire  was 
insulated  somewhat  after  the  manner  illustrated  in  figure  47. 
"When  the  wire  was  quite  clean,  both  positive  and  negative 
discharges  required  very  nearly  the  same  voltage  to  start 
them.*  The  critical  forces  X^  for  wires  of  different  diameter 
are  given  by  the  curves  figure  61.  The  five  curves  corre- 
spond to  the  five  different  pressures  of  the  air  at  which  the 
experiments  were  made. 

261.  a«neral  theorem  relating  to  the  sparking  potentials. 
It  is  interesting  to  examine  these  curves,  aa  it  may  be 
seen  that  the  corona  or  glow  discharge  irom  the  wire  is 
produced  by  the  action  of  the  positive  and  negative  ions  on 
the  molecules  of  the  gas,  in  the  same  way  as  the  discharge 
between  parallel  plates  is  produced.  An  exact  relation 
between  the  critical  forces  corresponding  to  different  pres- 
sures may  be  obtained  on  this  hypothesis,  and  an  approxi- 
mate formula  which  gives  the  values  of  the  critical  force  in 
terms  of  the  radius  of  the  wire  may  also  be  found  from  the 
potentials  required  to  produce  sparking  between  parallel 
plates.  The  critical  force  X^,  the  pressure  p,  and  the  radius 
of  the  wire  a,  are  connected  by  an  equation  of  the  form 
X,a  =  F{ap),  which  is  a  particular  example  of  a  more  general 
relation  that  applies  to  conductors  of  any  shape.  The  theorem 
may  be  stated  as  follows : 

If  F  be  the  potential  difference  required  to  produce  a 
discharge  through  a  gas  at  pressure  p  between  two  con- 
ductors A  and  B,  the  same  potential  difference  will  produce 

a  discharge  through  a  gas  at  a  lower  pressure  i*'  =  f  between 

two  conductors  A'  and  ^  of  the  same  shape  and  in  the  same 
relative  position,  but  with  all  the   linear  dimensions  in- 

*  It  wa*  found  by  other  obaerverB  that  the  Btarting  poteotial  Ib  tesi 
Tot  a  positive  discharge  than  for  a  negative  discharge  with  the  lar^r 
valuea  of  ap,  but  the  negative  discharge  starts  for  a  emaller  potential 
than  the  positive  with  the  smaller  values  of  ap.  A  similar  effect  is 
obtained  with  point  diuharges.  [See  Phil.  Mag.  (6)  37,  p.  789  19U; 
abo  note  at  end  of  this  chapter.] 
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creased  in  size,  bo  that  the  distance  between  points  on  A' 
and  ff  exceeds  the  distance  between  the  corresponding 
points  on  A  and  B  in  the  ratio  h :  \.* 

Let  a  he  the  surface  distribntion  per  unit  area  of  the 
conductors  A  and  B,  A  being  at  zero  poteiftial  and  B  at 
the  potential  V.    The  potential  at  any  point  P  in  the  field 

between  A  and  B  is  \~-  .     If  the  surfaces  A'  and  ^  are 

charged  with  the  distribution  t  per  unit  area,  the  potential 

at  the  point  P"  in  the  field  between  A'  and  B^  corresponding  I 

to  the  point  P,  is     -r-r  >  which  is  equal  to  the  potential  at 

P,  since  dS'=  k^dS,  and  r^=  kr.  Hence  A'  and  B"  will  be 
equipotential  surfaces,  their  potentials  being  zero  and  V 
respectively. 

The  number  of  ions  generated  by  a  negative  ion  in 
traversing  a  distance  ds  between  two  points  P  and  Q  on  the 
path  of  the  discharge  between  A  and  B  is 

»&  =  i>-/(f)*=j'./(i-|)<'«; 

dv  being  the  fall  of  potential  between  P  and  Q. 

The  number  of  ions  generated  by  a  negative  ion  in 
traversing  the  distance  de'=k.da  between  the  two  corre- 
sponding points  P*  and  Q'  is 

since  p.ds  =  p'. da',  and  the  fall  of  potential  d^  between 
P'  and  Q'  is  the  same  as  the  fall  between  P  and  Q. 

Hence  if  ions  are  generated  hy  positive  and  negative 
ions  along  a  line  of  force  of  length  S  between  A  and  B  in 
sufficient  numbers  to  produce  a  discharge,  a  similar  effect 
will  take  place  on  the  corresponding  line  S'  from  A'  to  B" 
when  A'  and  B"  differ  in  potential  by  the  same  amount  as  . 
A  and  B,  the  pressures  being  inversely  prt^rtional  to  the 
lengths  £!  and  S". 

■  See  The  Electrician,  71,  p.  348,  Jaoe  1913. 
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The  connection  between  the  sparking  potential  and  the 
product  of  the  pressure  and  spark  length,  discovered  by 
de  la  Rue  and  Milller,  for  the  discharge  in  a  uniform  field 
between  parallel  plates,  is  the  simplest  example  of  this 
general  property  of  discharges  between  conductors. 

263.  Belatlon  oonneotii^  the  oritiosl  force  with  pressare 
of  the  gas,  and  the  diameter  of  a  wire  ;  aZ,  =  F  (pa).  The 
preceding  theorem,  applied  to  cylinders,  shows  that  it  V  ia 
the  potential  difference  required  to  produce  a  discharge 
through  a  gas  at  pressure  p  between  a  pair  of  coaxial 
cylinders  of  radii  a  and  A,  Vthe  corresponding  potential 
for  the  gas  at  pressure  p'  between  a  pair  of  coaxial  cylinders 
of  radii  a'  and  A'  proportional  to  a  and  A,  then  V  and  V 
will  be  the  same  if  pa  =  p'a'.  Since  the  force  at  the  surface 
of  the  inner  cylinder  is  X,=  V/(ii  log  A/a),  it  follows  that 
aXi  =  Or'Xj'  if  pa  =  p'a'.  Thia  relation  holds  in  all  cases 
when  the  ratio  A/a  is  constant. 

In  the  particular  case  in  which  the  inner  cylinder  is  a 
wire  of  small  diameter,  all  the  ionization  takes  place  near 
the  surface  of  the  wire.  If  the  outer  cylinder  is  sufficiently 
large  to  extend  beyond  the  volume  of  gas  in  which  ionizar 
tion  is  taking  place,  the  number  of  ions  generated  by  an 
ion  along  the  path  of  the  discharge  is  then  independent  of 
the  radius  A,  and  the  quantity  aX^  depends  only  on  the 
product  pa. 

This  conclusion  may  be  tested  by  means  of  the  numbers 
obtained  for  the  critical  forces  at  various  pressures.  The 
following  table  gives  some  of  the  values  of  the  forces  X^  in 
kilovolts  per  centimetre,  found  by  Watson  for  different 
values  of  the  radius  a  and  pressure  p,  and  the  two  last 
columns  show  that  X^^a  is  constant  when  pa  is  constant.* 

*  EiftmpleB  of  tbe  application  of  the  theory  to  dlachargea  at  lower 

EesEurea  for  values  of  ap  from  20  to   05  are  giren  bj  the  author  and 
r.  P.  J.  Edmunds,  Phil.  Mag.  (6)  27,  p.  789,  1914. 
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p 

1            2a 

^1 

2a.p 

j     iaX, 

760 
560 
360 

'          -1 

•m 

-211 

75 
65 
34 

76 
76 
76 

7-5 
7.6 
7-2 

760 
560 
360 

■2 

•272 
i          -422 

61 

44-5 

28-5 

152 
152 
152 

380 
380 
380 

;      12-2 

1      12-5 

120 

760 
560 
360 

1          -5 
1          -68 
1-055 

465 

85-0 
220 

1      23-2 
23-7 
23-2 

263.  ExpreBBlon  for  the  oritioal  force  in  terms  of  the 
diameter  of  the  wire.  An  approximate  formula  for  the 
critical  force  X,  corresponding  to  wires  of  varioos  diameters 
may  be  obtained  by  couaidering  the  force  required  to 
produce  a  spark  of  length  S  in  a  uniform  field.  The  force 
V/8  ia  comparatively  large  when  S  is  small,  but  diminishes 
as  8  increases  and  approaches  the  value  30,000  volts  per 
centimetre  for  long  sparks  in  air  at  atmospheric  pressure. 
For  forces  exceeding  30  kilovolts  per  centimetre  both  I 
positive  and  negative  ioua  generate  others  by  collisions 
with  molecules,  and  when  the  distance  between  the  plates  i 
is  sufficiently  great  a  discharge  takes  place,  but  with 
smaller  forces  it  is  impossible  to  produce  a  spark,  so  that 
the  effect  of  the  positive  ions  ia  practically  zero.  Hence  when 
the  air  at  the  surface  of  a  positively  charged  wire  conducts, 
the  ionization  does  not  take  place  at  points  so  tar  from  ' 
the  axis  that  the  force  is  less  than  30  kilovolts  per  centi- 
metre, and  all  the  ions  are  generated  inside  a  cylinder  of 

a  certain  radius  c  given  by  the  formula  - —  =  30,  ff  being    , 

the  charge  per  unit  length  of  the  wire.    The  length  of  the 

X  a 
path  in  which  ionization  takes  place  is  c~a=  ~5/r~"' 

X,  being  the  critical  force  at  the  surface  of  the  wire.    The 
distances  c  —  a  are  very  small,  and  for  this  reason  the  forces    , 
required  to  produce  a  discharge  are  independent  of  the 
radius  A  of  the  outer  cylinder,  as  in  most  of  the  experi- 
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menta  A  ia  greater  than  c.  Taking  tlie  values  given  by 
Watson  for  the  critical  force  X,  at  atmospheric  pressure, 
the  following  are  the  distances  c  —  a  in  centimetres  for 
wires  of  radius  a : 


1              a              1       -6 

■5      1     ■•*     1     -3      '     -2          -1 

■05 

e-a          1      -18 

■166 1      153;      140       133 

•103 

■075 

1  J,  in  kiloTOlto, 

j          found 

1  experimentftUj 

11,, 
39       40         41-5      44         50 

■           1           ! 

61 

75 

42       43         44        '«         50 

5S'5 

71 

Hence  the  distance  in  which  the  ionization  takes  place 
increases  from  -75  millimetres  for  a  wire  of  half  a  milli- 
metre radios,  to  1-8  millimetres  for  a  wire  of  6  millimetres 
radius. 

The  mean  value  of  the  force  in  the  distance  c—a  is 
(X,  +  30)/2,  and  if  this  force  acted  throughout  the  distance 
c—a  it  would  produce  approximately  the  same  effect  as  the 
forces  in  the  field  near  the  inner  cylinder.  Hence  the 
force  (Jf,  +  30)/^  is  approximately  equal  to  the  force  V/S 
required  to  produce  a  discharge  in  the  uniform  field 
between  two  plates  at  the  distance  e—a  apart.  A  simple 
expression  for  the  force  V/S  may  be  obtained  from  the 
determinations  of  the  sparking  potentials  for  plane  elec- 
trodes. According  to  the  results  obtained  by  Bailie,  the 
potentials  V  in  kilovolts  for  different  spark  lengths  8  in 
air  at  atmospheric  pressure  are  given  by  the  equation 
V'=  30  5+1-35  for  distances  of  the  order  of  one  milli- 
metre, so  that  the  electric  force  in  kilovolts  per  centi- 
metre is  V  1.35 


Hence 


.y,  +  30  _ 


30 -t 


1-35 


This  equation  reduces  to  i 


-  =  30  + 


B  b 


1-35 


j.,=,i,z<,d=vGoogIe 
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Hence  the  critical  strength  X^  for  a  wire  of  radius  a  in  ^ 
air  at  atmospKeric  pressure  ia  I 

Va  I 

The  numbers  found  by  this  formats  for  wires  from  -6  to 
■05  centimetre  in  radius  are  given  in  the  laat  line  of  the 
preceding  table,  and  may  be  compared  with  the  numbers 
found  experimentally,  which  are  given  in  the  third  line. 

As  it  has  been  shown  that  for  any  pressure  the  product 
XjO  ia  a  function  of  the  product  ap,  the  critical  force  for 
a  wire  of  radius  a  in  air  at  pressure  P  is  given  by  the 
formula  ' 

for  values  of  aP  between  -06  and  -6,  a  being  measured  in 
centimetres  and  P  in  atmospheres. 

354.  Wbitebead's   experimentt   with    alternating   forces.    ' 
The  forces   required   to  start   a   discharge   under   various    ' 
conditions,    when    alternating    potential    differences    are 
estliblished  between  two  coaxial  cylinders,  have  been  in- 
vestigated by  Whitehead.*     The   results   are   of  the  same 
general  character  as  those  obtained  with  continuous  forces. 

Any  irregularity  on  the  surface  of  the  wire  lowers  the 
critical  voltage.     When  the  wire   is  clean  and  smooth,    | 
the  discharge  starts  when  the  amplitude  (or  maximum 
value)  of  the  alternating  force  at  the  surface  of  the  wire   i 
is  approximately  equal  to  the  critical  force  X^  obtained  by    ^ 
charging  the  wire  gradually  with  an  electrostatic  machine. 
The  relation  between  the  diameter  of  the  wire  d  and  the 
force  Xj  at  which  the  glow  starts  was  found  to  be  given   I 

accurately  by  an  empirical  formula    Z,  =  32+--^,    for 

diameters  from  6  millimetres  to  1  millimetre,  which  ia  of 
the  same  form  as  the  theoretical  formula  obtained  in  the 
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I 
preceding  section,  but  gives  somewhat  larger  values  of 
the  forces. 

The  critical  force  X,  diminishes  aa  the  frequency  of  the 
alternating  force  increases,  the  reduction  in  the  force  being 
2  per  cent,  when  the  frequency  changes  from  25  cycles 
per  second  to  60,  and  6  per  cent,  when  the  frequency  is 
increased  to  90. 

The  effect  of  surface  irregularities  may  be  seen  from 
the  results  of  the  experiments  with  stranded  wires.  It  was 
found  that  the  critical  voltage  of  a  stranded  wire  was  less 
than  that  of  a  rotmd  wire  of  the  same  diameter  as  the 
over-all  diameter  of  the  stranded  wire.  Thus  if  the  over-all 
diameter  is  -349  centimetre,  the  critical  voltage  of  a  wire 
made  of  three  strands  was  less  than  that  of  a  round  wire 
in  the  ratio  183:215.  With  five  strands  and  an  over- 
all diameter  of  -45  centimetre  the  critical  force  was  less 
than  that  of  a  round  wire  in  the  ratio  224 :  244.  In 
these  experiments  the  diameter  of  each  strand  was  -162 
centimetre  and  the  diameter  of  the  outer  t^linder  was 
9-52  centimetres. 

265.  Considerations  bearing  on  the  theory  of  discharges. 
These  experiments  are  of  interest  as  they  show  definitely 
that  the  glow  discharge  from  wires  must  originate  Jrom 
the  same  processes  of  ionization  as  those  which  cause  the 
discharge  to  take  the  form  of  a  spark  between  parallel 
plates.  They  also  afford  a  method  of  deciding  between  the 
two  theories  on  which  it  is  possible  to  explain  the  large 
currents  that  are  developed  between  parallel-plate  elec- 
trodes in  gases  at  the  higher  pressures,  when  the  electric 
force  approaches  the  value  required  to  produce  a  spark. 

It  has  heen  mentioned  in  sections  229  and  230  that  these 
currents  may  be  explained  by  two  methods  which  differ 
in  respect  to  the  action  that  is  attributed  to  the  positive 
ions.  Thus  the  phenomena  of  sparking  between  parallel 
plates  may  be  attributed  to  the  continuous  production  of 
ions  by  the  action  of  negative  ions  on  the  molecules  of  the 
gas,  combined  with  a  similar  but  smaller  effect  of  the 
B  b  2 
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positive  ions  also  on  the  molecoles  of  the  gas.  Or  it  ma}' 
be  supposed  that  the  condnctivity  arises  from  the  action 
of  the  negative  ions  on  the  molecules  of  the  ga^,  combined 
with  an  action  of  the  positive  ions  on  the  negative  electrode 
which  consists  in  setting  free  negative  iona  when  they 
collide  with  a  high  velocity  (which  depends  on  the  ratio  X/p). 
This  latter  effect  of  positive  ions  is  undoubtedly  large  when 
they  move  under  a  high  force  in  a  gas  at  a  very  small 
pressure,  as  was  shown  by  Yillard,  but  it  is  not  the  pre- 
dominating effect  at  the  higher  pressures.  In  these  cases 
the  combination  of  the  effects  of  the  positive  and  negative 
ions  in  generating  ions  from  the  molecules  of  the  gas  is  the 
only  hypothesis  of  this  kind  which  affords  an  explanatior. 
of  the  discharges  from  cylinders.  The  experiments  on  the 
sparking  potentials  in  uniform  fields  show  that,  whatever  I 
effect  the  positive  iona  produce,  it  must  vanish  when  the  , 
electric  force  is  less  than  30  kilovolts  per  centimetre  in  air 
at  atmospheric  pressure.  With  a  cylindrical  electrode  the  I 
critical  force  is  therefore  independent  of  the  radins  of  the  I 
outer  cylinder,  since  the  positive  ions  cease  to  act  at  the  ' 
larger  distances  where  the  force  2  E^r  is  less  than  30  kilovolts 
per  centimetre. 

When  the  inner  cylinder  is  positively  charged,  the 
positive  ions  collide  with  the  outer  cylinder  with  a  velocity  : 
corresponding  to  the  force  2  E/A,  which  becomes  very  small  i 
when  A  increases.  Thus  in  Gaugain's  experiments,  in 
which  the  inner  cylinder  was  '5  centimetre  radius  and  the  I 
outer  cylinders  were  I,  2,  and  3  centimetres  radius,  the 
discharges  took  place  when  the  forces  at  the  surface  of 
the  outer  <^Iinder  were  20,  10,  and  5  kilovolts  per  centi- 
metre. These  are  much  below  the  value  30,  at  which  it 
may  be  supposed  that  the  positive  ions  cease  to  generate 
ions  either  from  the  molecules  of  the  gas  or  from  the 
negative  electrode.  In  these  experiments  the  only  objects 
with  which  the  positive  ions  collide  with  velocities  suffi-  ] 
ciently  high  to  produce  ionization  are  the  molecules  of  air  ' 
which  are  within  a  distance  of  1-66  millimetres  of  the 
surface. 


DiailizodbvGoOgle 


OF  VARIOUS  SHAPES  373 

It  is  obTiona,  therefore,  that  in  the  experiments  between 
parallel  plates  the  predominating  effect  of  the  positive  ions 
at  the  higher  pressures  ia  due  to  ions  generated  by  collisions 
with  molecnlea  of  the  gas. 

256.  EfEbot  of  oliarge  in  the  gaa  in  determioiog  the  nstore 
of  a  diaoharge.  Spark  diBOharges.  The  potential  differ- 
ence V  between  electrodes,  required  to  maintain  a  current, 
may  be  greater  or  less  than  the  potential  V  required  to 
initiate  the  discharge.  When  the  discharge  takes  the  form 
of  a  spark  v  is  less  than  V,  and  when  a  glow  or  brush  takes 
place  V  is  greater  than  V,  Graugain  found  that  the  potential 
required  to  maintain  a  current  between  coaxial  cylinders 
increases  with  the  current  when  the  outer  cylinder  is 
much  larger  than  the  inner.  Thus  when  a  =  -5  cm.  and 
A  =  I  cm.,  sparks  take  place  between  the  cylinders,  and 
it  is  impossible  to  raise  the  potential  above  the  critical  value 
required  to  initiate  the  discharge,  but  when  a  =  -05  cm.  and 
A  =  I  cm.,  the  discharge  takes  place  at  first  in  the  form 
of  a  brush  or  a  glow,  and  the  current  increases  with  the 
potential  difference  between  the  electrodes.  It  will  be 
seen  in  the  course  of  these  investigations  that  the  form  of 
the  discharge  is  determined  by  the  effect  of  the  electric 
charge  in  the  gas  on  the  distribution  of  the  force  along  the 
path  of  the  current.  In  the  case  of  the  spark  a  large 
quantity  of  electricity  passes  in  each  discharge  when  the 
supply  is  maintained  by  an  electrostatic  machine,  so  that 
the  electricity  continues  to  pass  between  the  electrodes 
when  the  potential  is  less  than  the  sparking  potential. 
This  is  also  seen  when  the  discharge  is  maintained  by 
a  battery  of  cells  connected  to  the  electrodes  through  large 
resistances ;  the  potential  difference  between  the  electrodes 
when  a  continuous  current  is  passing  is  generally  much 
less  than  the  sparking  potential.  This  is  caused  by  the 
volume  distribution  of  electricity  in  the  field  between 
the  electrodes,  which  alters  the  distribution  of  the  force 
in  such  a  way  as  to  increase  the  production  of  ions.  A 
necessary  condition  for  sparking  is  that  ionization  should 


374      DISCHARGES  BETWEEN  CONDTJCTORS 

take  place  along  a  large  part  of  the  distance  between  the 
electrodes. 

267.  Potential  required  to  increase  the  current  in  brush 
diBoharges.  Tbeoretioal  investigation  of  currents  between 
coaxial  orllnders.  When  ions  are  generated  in  a  strong 
field  of  force  near  one  of  the  electrodea  and  move  through 
a  long  distance  under  a  small  force  to  the  other  electrode, 
a  brush  or  glow  discharge  takea  place.  The  current  from 
a  wire  to  a  concentric  cylinder,  or  from  a  point  to  a  plane, 
are  examples  of  the  latter  forms  of  discharge.  The  ions  are 
generated  in  a  small  volume  of  the  gas  near  the  wire  and 
the  rest  of  the  space  is  filled  with  a  volume  distribution  of 
electricity  of  the  same  sign  as  the  charge  on  the  wire. 
This  distribution  reduces  the  force  near  the  wire  and  thus 
tends  to  impede  the  formation  of  ions ;  with  small  currents, 
the  increase  of  the  force  in  other  parts  of  the  field  near  the 
surface  of  the  outer  cylinder  does  not  compensate  for  this, 
as  the  force  is  not  brought  np  to  the  value  iOp.  It  is 
necessaiy,  therefore,  in  order  to  maintain  a  current,  to  raise 
the  potential  difference  between  the  electrodes  by  such  an 
amount  as  will  bring  the  force  at  the  surface  of  the  wire  up 
to  the  critical  value  of  X,. 

The  curves  (figure  62)  given  by  Watson  represent  the  , 
currents  per  kilometre  of  a  wire  ■?  millimetre  diameter  ' 
inside  a  coaxial  cylinder  of  20  cm.  diameter  in  terms  of  the  | 
quantity  v/{a\ogA/a),  v  being  the  difference  of  potential 
between  the  wire  and  the  cylinder  in  kilovolts.  This  latter  ' 
expression  represents  approximately  the  force  at  the  surface  I 
of  the  wire  when  the  currents  are  small,  but  it  becomes  ' 
inaccurate  as  the  current  increases.  It  is  nevertheless  , 
convenient  to  express  the  currents  in  terms  of  the  quantity  , 
v/{alogj4/a).  The  five  continuous  curves  given  in  the  ' 
figure  relate  to  negative  currents  at  five  different  pressures  ■ 
of  the  air,  the  dotted  curve  is  for  a  positive  discharge  from 
the  same  wire  at  atmospheric  pressure. 

The  theory  shows  that  the  critical  force  X,,  or  the 
minimum  value  of  the  force  v/(a\og  A/a),  is  independent  of 
the  radius  A  of  the  outer  cylinder  when  A  is  large,  but  the 
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increase  of  potential  (v—  V)  required  to  maintain  a  given 
current  depends  to  a  great  extent  on  the  radius  of  the 
outer  cylinder.  The  increase  of  potential  required  to 
maintain  a  small  current  may  be  found  by  considering 
the  effect  of  the  charge  in  the  gas  on  the  force  at  the 
surface  of  the  wire. 
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!.    Wire  -07  centimetre  diameter.    The  figures  o 
corves  give  the  air  presBUrea  in  millimetres. 


Let  /  be  the  current  per  unit  length  of  the  wire,  q  the 
charge  per  unit  volume  at  a  point  in  the  gas,  v  the  distance 
of  the  point  from  the  axis,  w  the  potential.  For  simplicity, 
a  positive  discharge  may  be  considered,  since  the  velocity 
of  the  positive  ions  is  proportional  to  the  electric  force  for 
a  large  range  of  forces.  The  distribution  q  at  points  where 
r  is  greater  than  c  is  given  by  the  equation 
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where  i,  is  the  velocity  of  the  positive  iom  onder  unit 

force.     The  force  -=-  ia  approximately  equal  to  — j — -jy- 

siuce  q  is  small.     Hence 

T—  ^'"9^^ 

~~  log  A/a 

Since  /  is  constant,  the  distiihution  q  is  nniform,  and  the 
problem  is  reduced  to  finding  the  force  X  at  the  surface  of 
a  wire  of  radius  a  in  terms  of  the  potential  difference  v 
between  the  wire  and  the  cylinder  and  the  distribntion  q 
extending  from  the  distance  r  =  e  to  r  =  A.  When  c  is 
small  compared  with  A  the  value  of  X  is  given  by  the 

equation  ^  ^ If  9^'     _ 

~  a  log  A/a      a  log  A/a 

In  order  to  maintain  the  current  by  ions  generated  by 
collisions  near  the  surface  of  the  wire  it  is  necessary  that 
X  should  not  fall  below  the  critical  value 

-'■-alogJ/a 
Hence  v—  V  =  irqA'. 

Substituting  for  q  its  value  in  terms  of  the  current  /,  the  re- 
lation connecting  the  potential  v  and  /  is  obtained,  namely 

,-,      lA^  log  A/a  * 
v{v-  V)  = ^l-L-  .* 

It  is  difficult  to  apply  this  formula  to  the  negative  dis- 
charges, since  with  the  large  values  of  X/p  the  velocity  of 
the  negative  ions  depends  on  the  moisture  in  the  air,  but 
the  formula  is  in  agreement  with  the  observations,  as  it 

*  This  formula  applies  to  small  carreuta.  Fot  lar^r  currents  the 
relation  between  v— K and /is  given  b?  the  equation 

vhene=rlA*/ka^X,*.  It  hae  been  shown  (Phil.  Ma^.  (6)  28,  p.  83, 1914) 
that  the  velocities  k,  and  k,  for  positive  and  negative  ions  maj  be  deduced 
by  this  formula  from  experimental  determinations  off—  Kand  V.  Tbe 
theoiy  is  in  ^reement  with  the  curves  figure  62,  also  with  SchafFers' 
experimento  (V.  Sohaffera,  Phys.  Zeitschr.  14,  p.  981,  1818;  16,  p.  405, 
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shows  that  tlie  rate  of  increase  of  the  current  with  the 
potential  is  greater  for  negative  discharges  than  for  positive 
discharges. 

For  positive  ions  the  value  of  k,  at  atmospheric  pressure 
may  be  taken  as  450  centimetres  per  second  when  the  forces 
are  expressed  in  electrostatic  units,  so  that  for  small  currents 
the  increase  of  potential  becomes 


where  X  =  - 


AogA/a 

Thus  if  the  current  between  a  wire  -07  centimetre 
diameter  and  a  co-axial  cylinder  20  centimetres  diameter 
is  -01  ampere  per  kilometre,  the  current  /  per  centimetre 
of  the  wire  is  300  electrostatic  units,  and  the  rise  of  poten- 
tial in  electrostatic  units  becomes 
T^     950 

According  to  the  curves  given  by  Watson,  the  value  of  X 

in  electrostatic  units  is  8-3  x  loysoo,  so  that  the  quantity 

v—V 
—. -r-r  becomes  17  electrostatic  units  or  5-1  kilovolts  per 

a  log  A/a  '^ 

centimetre. 

The  value  of  this  quantity  aa  found  experimentally  for 
a  positive  discharge  is  given  by  the  upper  curve,  figure  62, 
and  is  about  5  kilovolts  per  centimetre. 

368.  Effect  of  diameter  of  outer  cylinder  on  the  potential 
required  to  maintain  a  current.  The  currents  between  a 
wire  of  fixed  diameter  and  co-azial  cylinders  of  various 
diameters  have  been  investigated  by  Almy,*  who  found 
that  the  currents  through  air  from  20  to  80  centimetres 
pressure  were  given  by  the  formula 

which  is  similar  to  the  expression  given  by  Warburg  for 
*  J.  E.  Almj,  American  Journal  of  Science  (4)  13,  p.  175, 1901. 
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the  currents  in  point  diBchargea.    Thd  constants  c  and  V  . 
depend  on  the  gas  and  on  the  dimensions  of  the  wire  and 
cylinder.     In  air,  the  constants  do  not  change  much  when 
the  direction  of  the  current  ia  reversed. 

The  currents  through  hydrogen  were  also  investigated,  as 
in  this  gas  more  concordant  results  were  obtained.  The 
experimental  error  is  considerable  when  large  currents  are 
used,  as  the  passage  of  the  discharge  makes  a  permanent  i 
change  in  the  conductivity,  particularly  in  air.  Even  with 
hydrogen,  the  agreement  between  the  various  determina- 
tions with  the  same  force  was  not  very  accurate.  The 
following  are  the  results  obtained  with  a  wire  of  -0034 
centimetre  radiiis  and  oylinders  of  radii  5,  3-2,  and  1-5 
centimetres : 
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Almy  concludes  from  these  figures  that  the  current  is 
given  approximately  by  the  formula 

A  being  the  radius  of  the  cylinder,  V  the  minimum  poten- 
tial that  gives  a  discharge,  and  C  a  constant  depending 
on  the  gas,  the  sign  of  the  discharge  and  radius  of  the  wire. 
It  is  difficult  to  test  the  formula  by  these  observations 
as  the  values  of  V  are  not  given,  but  the  experiments  show 
the  general  character  of  the  discharge,  and  it  is  clear  that 
the  rate  of  change  of  the  current  with  the  potential  increases 
rapidly  as  the  radius  of  the  outer  cylinder  diminishes. 

359.  DUoIiarges  tliTOugli  gasee  at  low  pTeseores,  between 
cylindrioat  eleotrodet.    The  potentials  required  to  produce 
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discharges  betwdeu  cylindera  when  the  gaa  is  at  low 
presaurea  of  the  order  of  a  millimetre  have  been  investi- 
gated by  Meservey*  The  experiments  were  made  with 
the  same  outer  cylinder  in  each  case,  which  was  4  centi- 
metres internal  diameter.  The  potential  difference  V 
between  the  two  cylinders  necessary  to  produce  a  discharge 
diminishes  as  the  pressure  is  reduced,  and  a  minimum 
potential  V  is  obtained  at  a  certain  pressure  p^  depending 
on  the  radius  of  the  inner  cylinder.  In  air,  the  minimum 
sparking  potential  for  a  wire  3-23  millimetres  in  diameter 
was  311  volts  when  the  wire  was  negatively  charged,  the 
corresponding  pressure  being  -35  millimetre,  but  the  mini- 
mum for  other  wires  was  greater  than  311  volts.  For 
positive  discharges  the  minimum  potential  was  greater 
than  the  minimum  for  negative  discharges.  In  hydrogen 
the  lowest  potential  at  which  a  discharge  was  obtained  was 
240  volts,  with  a  wire  9  millimetres  in  diameter,  the  pressure 
being  -75  millimetre.  At  pressures  lower  than  p,  the 
potential  V  increasea  rapidly  as  p  diminishes.  It  was  also 
observed  that  at  the  larger  pressures  the  potential  V+ 
required  to  produce  a  discharge  from  a  positively  charged 
wire  was  greater  than  the  potential  V_  required  when  the 
wire  is  negative.  These  results  are  illustrated  by  the 
curves,  figure  63,  The  curves  A  +  and  A.  give  the  sparking 
potentials  ia  volts  for  discharges  through  air  at  various 
pressures  between  a  wire  -25  millimetre  diameter  and  a 
co-&zial  cylinder  4  centimetres  In  diameter.  The  curves 
B+  and  B_  refer  to  a  wire  16-9G  millimetres  in  diameter. 

The  curves  A^,  and  A_  intersect  at  the  pressure  -36  milli- 
metre, and  for  pressures  below  this  value  the  potential  V^. 
is  less  than  the  potential  V_. 

The  difference  between  the  positive  and  negative  poten- 
tials increases  as  the  radius  of  the  inner  cylinder  diminishes, 
but  for  the  cylinders  of  large  diameter  both  potentials 
approach  the  value  corresponding  to  the  sparking  potential 
for  parallel  plates  separated  by  the  distance  A— a. 

Meservey  also  gives  a  series  of  curves  for  air  and 
•  A.  B.  Mewrrey,  Phil.  Mag.  (6)  21,  p.  479,  1911. 

L  I-™ ..Google 


380      DISCHARGE3  BETWEEN  CONDUCTORS 

hydrogen,  representing  the  connection  between  the  sparking 
potentials  for  wires  of  varioos  diameters  from  -25  miUi- 
metre  to  16  millimetrea  for  different  pressures  of  the  gases. 

260.  Tbeory  of  the  low-preaaure  disoliargM  between 
ofUndrioal  eleotrodes.  The  relation  connecting  the  three 
quantities  Xj,  a,  and  j), which  maybe  expressed  in  the  form 
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Xja=:F(ap),  applies  accoratety  to  all  cases  in  which 
the  radius  A  of  the  cater  cylinder  is  proportional  to  the 
radius  a  of  the  wire  or  inner  cylinder,  or  when  the  outer 
cylinder  is  of  fixed  diameter,  provided  it  is  8u£5ciently  large 
ao  that  the  force  at  the  surface  does  not  exceed  the  value 
39^.     In  most  of  the  experiments  that  have  been  made 


OF  VARIOUS  SHAPES  881 

at  the  higher  pressures  the  latter  condition  is  s&tisfied, 
since  c,  the  distance  irom  the  axis  within  which  ionization 
takes  place,  is  small  when  p  is  large.  As  the  pressure  is 
reduced  the  distance  c  increases,  and  if  the  outer  cylinder 
is  of  fixed  diameter  c  becomes  equal  to  A,  and  for  low 
pressures  ionization  by  collision  takes  place  in  the  whole 
space  between  the  cylinders.  This  may  he  seen  by  con- 
sidering the  expressions  for  a  and  0  in  terms  of  X  and  p. 

Let  E  be  the  charge  per  unit  length  of  the  inner  cylinder 
required  to  produce  a  discharge  at  the  pressore  p.  If  E 
and  p  are  reduced  in  the  same  proportion  to  E/k  and  p/k, 
the  value  of  X/p  at  any  point  between  the  cylinders  remains 
unchanged,  but  the  quantities  a  and  ^  representing  the 
ionization  produced  by  the  negative  and  positive  ions  per 
centimetre,  being  proportional  to  the  pressure, 

[.=j/(|)and^=j,*(|)], 

are  both  reduced  at  each  point  to  the  fraction  l/k  of  their 
original  value.  A  sufficient  number  of  ions  would  not  be 
produced  under  these  conditions,  so  that  the  charge  E' 
required  to  produce  a  discharge  through  the  gas  at  pressure 
p/k  is  greater  than  E/k.    Hence  at  the  pressure  p'  =  p/k 

2E' 

39p' 

c  =  -—  corresponding  to  the  higher  pressure  p. 

The  following  table  gives  the  critical  forces  X,  and  the 
distances  c  corresponding  to  pressures  from  760  to  25  milli- 
metres for  a  wire  -6  centimetre  radius  inside  a  large  cylinder 
of  radius  A  greater  than  c.  The  values  of  X^  at  the  two 
lower  pressures  are  deduced  from  the  critical  forces  found 
by  Watson  for  wires  -15  and  -035  centimetre  radius  when 
the  pressure  was  360  millimetres.  The  values  of  X^  at  the 
two  higher  pressures  are  the  actual  observations. 
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Critical  forces  X,  in  kiloTolta  p«r  centimetre  for  a  wire  -5  centimetre 
ndius,  the  digtanoe  c  being  deduced  from  the  formula 


p 

■^1 

c 

760 
360 
108 
25-2 

40 
23 

9-45 

8-4 

•66 
-82 
1-12 
173 

Thus  c  iucreasea  as  p  diminishes,  ao  that  when  the  outer 
cylinder  is  of  fixed  diameter  and  the  preasnre  is  below 
a  certain  value,  the  ions  are  stopped  by  the  outer  (^linder 
while  they  are  still  travelling  with  a  velocity  suiBoiently 
great  to  generate  other  ions  by  collisions.  "When  c  is  less 
than  A  the  quantity  X^a  is  given  by  an  expression  of  the 
form  X^a  =  F^{ap) ;  but  when  A  ia  less  than  c  it  is  neces- 
sary to  increase  the  force  above  the  value  t\{ap)/a  in 
order  to  compensate  for  the  reduction  of  the  distance  in 
which  ionization  takes  place  from  (c—a)  to  (A  — a).  Hence 
when  A  is  constant,  the  quantity  X,a  should  increase  as  p 
diminishes  when  ap  is  constant 

The  results  obtained  by  Meservey  illustrate  this  effect ; 
two  examples  are  given  in  the  following  table.  The  two 
groups  of  numbers  in  the  last  column  are  the  values  of  the 
quantity  X,n  =  F+/(log^/a),  when  the  product  ap  has 
constant  values.  The  pressure  p  is  expressed  in  milli- 
metres of  mercury  and  the  diameter  of  the  wire,  2a,  in 
centimetres. 


p 

1-5 

■75 
■3 

2a 

2ap       1         r+                X,a 

-8 
-6 
1-5 

-45         1          548          1        204 
■45         ,          434          1        228 
-45                  472                  480 

1-5 
-75 
■3 

■066 
-132 
-33 

-1           j          587          1        148 
■I           1          490          !        144 
•1           1          410                  164 
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The  radius  of  the  outer  cylinder  being  2  centimetres,  the 
force  Xj  at  the  surface  is  X^a/2.  The  numbers  in  the  last 
column  show  that  X^/p  \s  greater  than  40  in  each  case,  so 
that  ionization  by  collision  takes  place  along  the  whole  path 
of  the  discharge. 

The  effect  of  limiting  the  space  by  the  outer  cylinder,  of 
4  centimetres  diameter,  on  the  values  of  the  quantity  X^a 
is  well  marked  in  these  experiments,  particularly  in  the 
case  of  the  lowest  pressure  -3  and  the  wire  of  largest 
diameter  1-5  when  the  force  required  to  produce  a  discharge 
is  more  than  double  the  value  of  the  force  F{ap)/a. 
There  is  therefore  no  simple  relation  connecting  the  three 
quantities  X^,  a,  and  p  when  the  pressure  is  low  and  the 
outer  cylinder  is  small  and  of  fixed  diameter. 

The  sparking  that  took  place  between  the  cylinders  when 
a  definite  potential  was  attained  was  not  preceded  by  a  brush 
discharge  such  as  occurs  at  the  higher  pressures  when  c  is 
less  than  A. 

The  difference  between  the  potentials  V^  and  F_  depends 
on  the  valaes  of  a  and  j9.  This  effect  and  other  pheno- 
mena arising  irom  the  same  causes  will  be  explained  in 
Chapter  XI. 

261.  Discharges  ftom  points.  The  discharge  of  electricity 
from  a  pointed  conductor  in  gases  at  high  pressures  takes 
place  somewhat  in  the  same  way  as  the  discharge  from  the 
cylindrical  surface  of  a  wire,  except  that  the  potential 
required  to  produce  a  discharge  from  a  point  is  generally 
much  less  than  that  required  for  conductors  of  other  shapes. 
A  small  current  passes  through  the  gas  when  a  sharp 
point  is  raised  to  a  certain  potential  and  at  first  no 
luminous  effect  is  produced.  When  the  potential  is 
increased  the  current  increases  and  a  small  glow  appears 
at  the  surface  of  the  point,  which  may  change  into  a  brush 
for  the  larger  currents,  especially  when  the  point  is  not 
very  sharp.  In  the  latter  case  a  spark  may  take  place 
if  other  conductors  are  sufficiently  near  the  charged  point. 

With  sharp  points  the  potential  required  to  initiate  a 
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discharge  is  greater  for  positive  than  fornegstive  discharges. 
With  blunt  points  the  potentials  are  higher  and  the  differ- 
ence between  the  positive  and  negative  potentials  diminishes. 
When  the  discharge  takes  place  from  the  rounded  end  of 
a  wire  in  air  at  atmospheric  pressnre,  and  the  diameter  of 
the  wire  is  greater  than  -S  mm.,  the  initial  potential  is  less 
for  positive  than  for  negative  discharges. 

The  intensity  of  the  force  in  the  electric  field  of  a  charged 
point  cannot  be  expressed  by  a  simple  formula,  but  it  may 
easily  be  shown  that  the  electric  force  near  the  end  of 
a  charged  cylinder  is  in  general  greater  than  at  other  points 
of  the  surface.  Thus  when  a  wire  is  surrounded  by  a  co- 
axial metal  cylinder  which  extends  beyond  the  end  of  the 
wire,  the  surface  distribution  is  greatest  at  the  end  of  the 
wire  even  when  it  is  terminated  abruptly  and  not  pointed. 
When  the  wire  is  charged,  the  values  of  a  and  /3  in  a  gas  at 
high  pressures  are  very  much  greater  in  a  small  volume 
near  the  end  of  the  wire  than  at  other  parts  of  the  field 
where  a  and  ^  may  be  negligible,  bo  that  dischai^ea  would 
first  take  place  from  the  end  of  the  wire.  At  low  pressares, 
when  the  values  of  a  and  fi  are  considerable  at  all  points 
of  the  field  between  the  electrodes,  the  discharge  does  not 
necessarily  take  place  more  easily  through  that  part  of  the 
gas  where  the  force  has  a  maximum  value. 

262.     Zeleny'a   investigations  of  point  diaahargea.      The  | 
potentials  required  to  produce   discharges  from  points  of 
definite  shapes  and  sizes  are  clearly  shown  by  the  experi-  i 
ments  recently  made  by  Zeleny.*     In  these  investigations  | 
the  discharges  were  produced  from  the  ends  of  straight  I 
wires  of  various  diameters  which  were  set  up  opposite  the  I 
centre  of  a  large  metal  plate,  the  axis  of  the  wire  being  | 
normal  to  the  plate.    The  point  and  the  plate  were  enclosed 
in  an  air-tight  cylindrical  vessel,  to  which  air  that  had 
been    dried    by  passing    through    calcium    chloride    was 
admitted.     In  one  series  of  experiments  the  ends  of  the 
wire  were  hemispherical  and  in  another  series  the  ends 
•  J.  Zelenjr,  PhjrBicol  Reviev,  26,  p.  305,  1907. 
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were  plane.  The  general  character  of  the  discharge  was 
the  same  in  both  cases.  For  the  smaller  points  the  results 
obtained  with  the  different  ends  were  almost  identical,  but 
for  the  larger  points  the  potential  required  to  produce 
a  given  current  is  smaller  for  the  wires  with  plane  ends 
than  for  wires  with  hemispherical  ends.  This  is  no  doubt 
due  to  the  fact  that  in  the  latter  case  the  curvature  is  com- 
paratively small,  and  the  electric  force  is  not  very  great  at 
any  point  of  the  surface. 

With  large  distances  between  a  point  and  a  plane  the 
currents  are  steady,  but  they  tend  to  become  intermittent 
as  the  distance  is  reduced.  The  limiting  distance,  at  which 
the  nature  of  the  discharge  changes,  diminishes  with  the 
diameter  of  the  point,  and  it  also  depends  on  the  sign  of 
the  discharge.  For  a  given  distance  between  the  plate  and 
the  point,  steady  positive  discharges  are  obtained  with 
points  of  comparatively  large  diameter,  Irom  which  it  is 
impossible  to  obtain  steady  negative  discharges.  Thus, 
when  the  point  is  1-6  centimetres  fi:x>m  the  plate  steady 
positive  discharges  were  obtained  by  Zeleny  from  a  cylin- 
drical point  with  a  round  end  when  the  diameter  of  the 
cylinder  was  2  millimetres,  bat  with  negatively  charged 
points  the  corrent  became  intermittent  when  the  diameter 
of  the  wire  exceeded  -5  millimetre.  Whan  the  point  was 
one  centimetre  from  the  plate  a  steady  negative  discharge 
was  only  obtained  with  wires  of  diameter  less  than 
•27  millimetre. 

With  points  of  certain  sizes  steady  currents  are  produced 
with  the  smaller  potentials,  but  when  the  electric  force 
increases  irregularities  set  in,  which  may  be  detected  by 
means  of  a  telephone  in  the  galvanometer  circuit.  The 
intermittence  frequently  seems  to  be  some  irregular  effect 
superposed  on  the  steady  corrent,  which  may  constitute 
such  a  small  part  of  the  total  current  as  not  to  affect  the 
results  appreciably.  When  the  telephone  indicates  an 
irregularity  a  little  speck  of  light  appears  to  start  irom  the 
surface  of  the  point  as  if  a  small  disruptive  discharge  were 
taking  place.    Under  these  conditions  the  discharge  tends 
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to  ohaoge  from  a  dark  discharge — or  a  glow  discharge  wherel 
the  luminoaity  is  confined  to  the  surface  of  the  point — tcl 
a  brush  discharge  where  the  paths  of  the  currents  are  indi- 
cated by  short  bright  lines  extending  irom  the  point  intc< 
the  gas.  These  small  disruptive  discharges  or  brushes 
increase  in  frequency  as  the  onrrent  is  increased,  andi 
a  definite  note  is  heard  in  the  telephone.  The  pitch  may 
become  so  high  that  the  telephone  and  ear  fail  to  detect  it.  I 
The  potential  at  which  the  discharge  from  some  points 
begins  is  different  from  that  at  which  the  current  ceases,  i 
and  various  other  irregularities  occur,  particularly  withi 
negative  discharges.  Gorton  and  Warburg*  found  that  in' 
these  cases  the  potentials  at  which  the  current  begins  and 
ends  are  the  same  if  the  gas  surroondiug  the  point  is 
exposed  to  certain  radiations.  In  Zeleny's  experiments 
a  tube  containing  a  small  quantity  of  radium  bromide  was 
placed  at  the  side  of  the  cylindrical  vessel  in  which  the  point 
and  plate  were  set  up.  The  presence  of  the  radium  had  no 
effect  OQ  the  larger  currents,  but  it  served  to  make  the  dis- 
charge begin  more  regularly  at  definite  voltages. 

268.  Currents  throti^Ii  air  ftom  points  of  deOnite  shapes. 
Warburg's  formula  for  tlie  onrrent.  The  following  tables 
give  the  results  of  Zeleny's  experiments,  in  which  steady 
currents  were  obtained  through  air  at  atmospheric  pressure 
from  positively  and  negatively  charged  cylindrical  points 
with  hemispherical  ends,  the  points  being  at  1.6  and  1  centi- 
metre from  the  plate.  The  current  was  supplied  to  the 
point  by  means  of  a  small  Wimshurst  machine,  and  the 
potential  difference  between  the  point  and  the  plane  was 
measured  by  an  electrostatic  voltmeter.  The  current  was 
measured  by  a  D'Arsonval  galvanometer,  which  gave  a 
deflection  of  one  scale  division  for  a  current  10~*  ampere. 
The  starting  potential  is  the  potential  that  produced  the 
smallest  current  that  could  be  detected  by  the  galvano- 
meter, which  was  about  2x10*'  ampere.  All  the  points 
were  made  of  brass  wires,  except  the  two  small  points  of 
*  F.  R,  Gorton  and  E.  Warbnrj,  Ann.  der  Phya.  18,  p.  128,  1905. 
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•0244  and  -029  millimetre  diameter,  which  were  of  platiuum. 
The  same  wires  were  nsed  in  the  experiments  on  positive 
and  negative  discharges,  bat  in  the  case  of  the  negative  dis- 
cbarges the  currents  for  the  larger  wires  were  all  inter- 
mittent, and  are  not  given  in  the  tables.  In  a  few  of  the 
experiments  which  are  recorded  in  the  tables  the  currents 
were  partly  or  wholly  intennittent. 


Positive  Pibcharqe  frok  Cylindbical  Points  with  Heki- 
'SFHEBICAL  EnDB.    DietaDce  from  plate,  l-5cm. 


nater  in  mm. 
Bilre  in  cm. 
pirature  in  "C. 
tifag  potential 

■0244 
730 
19 

1600 

•039 
74-9 
21-5 
2000 

■091 
741 
26-5 
2450 

-174 
74-1 
27-0 

3015 

•244 
74-1 

27-0 
3365 

■50 
741 
270 

4600 

.73 
74-1 
25-7 

5500 

113 
73-7 
26-5 
6700 

2-005 
73-2 
25-5 

9150 

mtialB  in  volts, 
h  fcorrenpondjng 
rfnta    in    10"^ 
pflre 

1750 
■28 

3000 
7-2 

2500 
■5 

3255 
2-2 

3500 
11 

5000 
4-8 

5800 
44 

7000 
6-1 

9250 
33 

2000 
1-5 

4000 
20-5 

3000 
4-5 

3500 
4-5 

4000 
«-3 

6000 
22-5 

6000 
9-3 

8O0O 
26-6 

9500 
12-8 

2500 
5-2 

5000 
37-2 

4000 
16-9 

4000 
10-7 

5000 
20-8 

7000 
44-0 

7000 

28-7 

9000 
57-7 

9750 
211 

3000 
9-6 

6000 
62-2 

5000 
33-8 

5000 
254 

6000 

41-7 

8000 
699 

8000 
52.0 

10,000 
99-9 

'»« 

4000 
23-7 

7000 
902 

6000 
56-6 

6000 
46-8 

7000 
65-9 

9000 
108-7 

9000 
884 

— 

10,500 
46-6 

5000  '  8000 
42-9  ;  124.3 

7000 
85-1 

7000 
73-2 

8000 
95-2 

— 

10,000 
131-2 

Z 

— 

6000 

68-9 

8000 
117-2 

8000 
102-0 

7000 
1006 

8500 
139-7 

8700 
I3I-8 

8000 
135-6 

DiailizodbvGoOgle 


Positive  Dibchaboe  from  Cylikdbical  Poikts  with  Hsxt- 
SPHERICAL  Ends.     Pittance  from  plate.  1  centimetre. 


Diameter  in  mm. 
Prewure  in  cm. 
Tempemlure  in  "C. 
Starting  potential 

■039 
749 
22-5 

1895 

■091 

72-5 
24-2 
2300 

■174 
72-5 
24-2 

2850 

■244 
72-5 
24-2 

3200 

■50 
72-5 
242 
4425 

M3 
72-5 
242 
6350 

2-00 ! 

74-8 
26^0 
8750  i 

Potentials   in    voUb 

onrrentB    in    10"' 
ampere 

2000 
1-5 

2500 
1-9 

3000 
1-9 

3500 
6-0 

4500 
1-3 

6500 
6-1 

9000  1 
133 

3000 
128 

3000 
8-3 

4000 
2fr0 

4000 
144 

5000 
13-3' 

7000 
22-2 

9250  1 
28-9  1 

4000 
33-3 

4000 
289 

5000 
46-6 

5000 

38-9 

60O0 
44-4' 

7500 
38-9 

9500  1 
45-0  ' 

5000 
60-5 

5000 

57-7 

6000 
S8.3 

GOOO 
73-3* 

7000 
83-8' 

801)0 
60-0 

9750 
59-9 

6000 
lOI-O 

6000 
97-1 

7000 
127-6 

7000 
1I6-6' 

8000 
1321' 

8500 
88-8 

10,000  1 
76-6' 

7000 
U9-9 

7000 
128-8 

8300 
1510' 

9000 

iis-g 

10.250 
93-3' 

1  9250 
138-8 

10,500 
106-0  ! 

NeOATIVK  DlSOUAROE  FBOU  CYLINDRICAL  POINTS  WITH  HSMI- 

.  Ends.     Distance  from  plate,  1-5  centimetrea. 


Diameter  in  mm. 
Pressure  in  cm. 

Starting  potential 

■0244 
730 
19^0 

1125 

•039 
749 
21-5 

1475 

-091 
74-1 
26-5 
1975 

-174 
741 

27-0 
2775 

■244 
741 
27^0 
3100 

-50 
74-1 
27-0 
4650 

corresponding    current 
in  10^' ampere 

1250 
■3 

2000 
41 

2000 
•3 

3000 
-6 

3500 

7-2 

5000 
10-6 

1500 

1-8 

3000 
165 

2500 
5-0 

3500 
15* 

4000 
15-5 

6000 

32-2* 

2000 
5-4 

4000 
391 

3000 
12-5 

4000 
139* 

5O0O 
43^0 

7000 

77-7 

3000 
202 

5000 
69-3 

4000 
33-9 

5000 
52-2 

GOOO 
81^6 

7500 
999- 

4000 

44-8 

6000 
112-8 

5000 
63-8 

60O0 
95^9 

6500 
113-2 

5000 
77-3 

6500 
135  9 

6000 
104-3 

6250 
105-5 

6000 
1226 

6500 
1199 

6350 
138-9 

•  These  currents  showed  some  intermtttence, 
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Negative  DiscHABas  from  Cylindbicai.  Points  with  Hemi- 
BPHEBiCAL  Ends.    Distance  from  plate,  1  cin. 


Diameter  in  mm. 
PreMnre  in  cm. 
Tempeiatnre  in  X. 
Starting  potentiid 

■039 
749 
205 
U65 

•091 
72-5 
24-2 
1850 

■174 
72-5 
24-2 
2750 

■267 
74-4 
21-5 
3025 

currents    in     10"^ 
amp^ie. 

2000 
7-7 

2000 
11 

3000 
8-0 

4000 
85-2 

3000 
30-3 

2500 
9-9 

3500 
23-1 

5000 

89-7 

4000 
71-5 

3000 
23-7 

4000 
46-2 

5500 
183-1 

6000 
130-9 

4000 
64-9 

5000 
104-5 

6000 
171-6 

5500 
170-5 

5000 
126-5 

5500 
150-7 

Several  formulae  have  been  given  to  express  the  current  i 
in  terms  of  v  the  potential  of  the  point  Zeleny  found  that 
the  formula  given  by  Warburg,* 

represents  accurately  the  values  of  the  positive  currents 
obtained  in  Lis  experiments.  In  this  expression,  if  is  the 
starting  potential  and  C  a  constant  depending  on  the  gas 
and  the  arrangement  of  the  apparatus.  The  constant  C 
increases  with  the  diameter  of  the  point,  and  when  the 
point  is  at  1-5  centimetres  from  the  plate  the  positive 
corrente  are  given  1^  the  formula 

i  =  2-58  X  10-"{1  -f-lld)v(i;-3f). 
When  the  distance  is  one  centimetre  the  currents  are 
given  by  the  formula 

i=4-05X  10-^^(1 +-235  d)v{v-Jif). 
The  currents  obtained  from  negatively  charged  points  can- 
not be  represented  by  any  simple  formula. 

•  E.  Warbaig,  Wied,  Ann.  87,  p.  72, 1899. 


j.,=,i,z<,d=vGoogIf 
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264.  Sffeot  of  pressure  on  the  currenta  through  air. 
Zeleny  also  observed  the  effect  of  lowering  the  pressure  of 
the  air.  Using  as  the  point  the  rounded  end  of  a  wire 
18  millimetre  diameter,  at  a  distance  of  1-5  centimetres 
from  the  plate,  the  starting  potentials  in  volts  at  different 
pressures  were  as  follows  : 

Prcasare  in  StartioK  potenlial  Starting  potentinl 

millimetres.  for  positive  point.  for  negative  point. 

736                          3150  2800 

634                          2900  2550 

518                          2550  2250 

From  the  general  theorem  given  in  Section  260  it  may- 
be concluded  that  the  potential  2550  would  produce  a  posi- 
tive discharge  in  air  at  736  millimetres  preasnre  from 
a  similar  point  (-IS  x  518)/736  = -126  millimetres  in  dia- 
meter at  a  distance  (1.5  x  618)/736  =  1-03  centimetres  from 
the  plate. 

The  experiments  at  atmospheric  pressure  in  which  the 
dimensions  of  the  apparatus  were  nearest  to  these  numbers 
are  those  with  the  points  of  -09  and  -174  mm.  diameter 
at  a  distance  of  one  centimetre  from  the  plate,  the  starting 
potentials  being  2300  and  2860  volts.  From  these  observa- 
tions it  may  be  concluded  that  the  starting  potential  at 
atmospheric  pressure  for  a  wire  of  •126  mm.  diameter 
would  be  about  2536  volts  when  the  distance  is  1  centi- 
metre and  somewhat  larger  when  the  distance  is  1-03  centi- 
metres. This  is  in  good  agreement  with  the  nnmber  2550, 
so  that  as  far  as  it  is  possible  to  judge  from  these  experi- 
ments, the  general  theorem  given  in  Section  251  may  be 
said  to  apply  to  point  discharges*  as  well  as  to  the  discharges 
between  parallel  planes  and  concentric  cylinders. 

266.  Fotentiois  required  to  start  point  disoharges  in 
different  gases.  Oorton  and  Warburg's  experiments.  The 
following  table  gives  the  potentials,  obtained  by  Gorton  and 
Warburgit  req^uired  to  start  point  discharges  when  the 

•  See  note  at  end  of  this  chapter. 

t  F.  R.  Oorton  and  K.  Warburg,  Ann.  der  Pliya.  18,  p.  139,  1905. 
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gases  are  ionized  by  Becquerel  raya.  In  these  experiments 
the  discharge  took  place  between  the  end  of  a  platinum 
wire  -25  mm.  in  diameter,  and  a  cylinder  of  platinum  foil 
4-5  centimetres  long  and  4-7  centimetres  in  diameter.  The 
cylinder  waa  open  at  both  ends  and  the  point  was  on  the 
axis  of  the  cylinder,  near  the  centre,  so  that  as  the  stream 
of  ions  from  the  point  opened  out  they  were  received  by 
the  surrounding  cylinder. 

POTEKTIALS  REQUIRED  TO   START  POIHT  DISCHARGES. 


Prewure  760  m 

mB. 

Prewnre  485  m 

ms. 

Poaitive 

K^Uve 

Ratio  of 

PosiUye 

Negative 

Ratio  of 

dis- 

Poten- 

dii- 

Poten- 

charge. 

charge. 

tialR. 

charge. 

ch&rge. 

tials. 

1  Hydrogen 

1370 

lUO 

1-2 

1120 

1000 

112 

1  Nltro^n 

1930 

1400 

1-86 

1630 

1200 

1-36 

Oiygen 

2550 

1950 

1-31 

2250 

1660 

1-35 

1930 

1500 

1-29 

Chlorine 

2680 

1900 

1-41 

2400 

1660 

1-45 

Bi-omine 

2500 

1700 

1-47 

Iodine 

- 

- 

- 

2620 

1870 

1-40 

266.  Short  sparks  through  air.  In  all  cases  of  discharges 
when  the  distance  between  the  electrodes  is  not  veiy  short, 
it  has  been  found  that  the  potential  required  to  start  a  dis- 
charge has  a  minimum  value  corresponding  to  a  definite 
pressure,  and  it  would  appear,  therefore,  that  the  minimum 
sparking  potential  that  can  be  obtained  under  any  coudi- 
tions  is  about  300  volts.  In  air  the  minimum  sparking 
potential  for  parallel  plates  is  about  340  volts,  and  for 
cylinders  it  may  be  as  low  as  310  volts.  In  the  former  case 
the  minimum  potential  is  obtained  when  the  product  p8 
is  about  -7,  p  being  the  pressure  in  millimetres  and  S  the 
spark  length  in  centimetres.  Heuce  at  atmospheric  pres- 
sure the  spark  length  corresponding  to  the  minimum 
potential  is  about  I0~^  centimetre,  and  a  spark  will  take 
place  between  any  ordinary  electrodes  at  a  very  short 
distance  apart,  along  some  path  of  the  order  10'^  centi- 
metre in  length,  when  the  potential  is  above  340  volts.    If 


jOOglf 
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special  precautions  were  tokdn  to  prevent  the  discharges 
irom  passing  irom  the  edges  of  the  electrodes  as  in  Carr's 
experiments,  it  would  most  likely  be  possible  with  plane 
electrodes  to  obtain  a  complete  sparking  potential  cnrve 
at  atmospheric  pressure,  showing  a  rapid  increase  of  the 
potential  above  340  volts  for  distances  of  the  order  10~^  and 
10'"  centimetre  between  the  plates.  If  these  precautions 
are  not  taken,  sparking  may  take  place  from  the  edges,  and 
the  potential  would  not  rise  above  340  volts. 

Some  experiments  made  by  Earhart*  dealing  with  very 
short  spark-gaps  at  atmospheric  pressure  seem  to  be  at 
variance  with  the  evidence,  supported  by  numerous  inves- 
tigationsj  which  shows  that  there  is  a  minimum  sparking 
potential  of  the  order  300  volts,  below  which  it  is  impos< 
sible  to  obtain  a  apark.  Earhart  found  that  when  the 
distance  between  the  electrodes  is  of  the  order  10"*  centi- 
metre a  great  diminution  in  the  sparking  potential  takes 
place,  and  currents  may  be  obtained  between  the  electrodes 
with  potentials  of  about  30  volts.  Under  these  conditions 
it  is  obviously  very  difidcult  to  ensure  that  the  electrodes  do 
not  actually  touch  at  some  point,  or  that  some  small  particle 
does  not  form  a  bridge  between  them. 

Some  recent  experiments  made  by  Almy  f  show  that  the 
electrodes  are  liable  to  be  drawn  together  and  to  come  into 
contact,  owing  to  the  large  electrostatic  force  between  them, 
when  they  are  charged  to  a  comparatively  small  difference 
of  potential.  "With  small  spherical  electrodes,  held  firmly 
so  that  they  are  not  displaced  by  the  electric  attraotion,  it 
was  found  that  no  discharge  passed  when  the  potential  was 
330  volts,  and  in  all  cases  a  discharge  was  obtained  with 
360  volts.  The  distances  between  the  electrodes  in  these 
experiments  varied  from  half  a  wave-length  of  light  to  ten 
wave-lengths.  These  results  show  conclusively  that  short 
discharges  do  not  pass  through  ait  when  the  potential  is 
less  than  about  340  volts.  It  also  follows  from  these  experi- 
ments that  electricity  does  not  escape  from  a  metal  even 

*  R.  P.  Earhart,  Phil.  Hog.  (6)  1,  p.  147,  1901. 
t  J.  E.  Alni7,  Phil  Mag.  (6)  16,  p.  456, 1908. 
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when  the  electric  force  at  the  surface  is  very  large,  of  the 
order  3  x  IC  volts  per  centimetre. 

In  discharge  tubes  at  very  low  preBsoreB  the  cathode  rays, 
-which  are  emitted  when  the  electric  force  is  veiy  high, 
are  due  indirectly  to  the  action  of  the  force,  which  causes 
the  positive  ions  to  collide  with  the  negative  electrode  with 
a  high  velocity. 


NoTB  TO  Sectioh  264. 

It  follows  from  the  theorem  given  in  Section  25 1  that  if  a 
be  the  radius  of  a  wire  with  a  hemispherical  end  at  a  distance 
d  from  a  plate,  and  Fthe  sparking  or  starting  potential  when 
the  gas  is  at  pressure  ji,  Vwill  also  be  the  starting  potential 
for  a  wire  of  radias  kaate,  distance  kd  from  a  plate  when 
the  pressure  is  p/k.  Hence  when  a/d  and  ap  are  constant 
V  should  be  constant.  The  following  tables  give  the  results 
of  experimente  made  by  Edmunds  *  to  test  this  conclusion, 
the  radii  a  of  the  hemispherical  points  and  the  distances  d 
being  in  centimetres  and  the  pressure  p  in  millimetres 
of  mercury. 


d/a  -  10. 

d/a  -  20. 

d/a  -  80.           1 

a- 

a^ 

a  — 

o- 

«  = 

o»=' 

a^ 

«  = 

a- 

■025 

.05 

■075 

■025 

-05 

■075 

■025 

■05 

■075 

2-5 

1250 

mo 

1200 

IRfiO 

1300 

1820  1  1460  t  1400 

1370 

50 

1700 

1660 

1630 

1850 

1760 

1760 

1960  ,  1890  '  1860 

lOO 

2500 

mn 

2300 

2760 

2fi(M) 

•mo 

2900  !  2840     2720 

200 

S860  i  3630 

3600  1  -4350 

im 

Jiflno 

4650  ;  4.150  :  4120 

80-0 

-   1  -tsoo 

4740  1    — 

hm 

5230 

—    !  5610  '  5450 

«.o 

—    I  5600 

55«0|    - 

6160 

-    i    -    1     - 

'  p.  J.  Edmundi,  niil.  Mag.  (6)  SB,  p.  234, 1914. 
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Stabtiko  Potsntials  in  Volts  for  Neoativelt  Chabobd 
Points  ih  Air. 

ija  =  10. 

d/a  =  20.      ■ 

d/a  =  30.            1 

ap 

■025 

■=» 

■075 

~025     ~-05 

■075 

a  — 
•025 

.=      |»  = 
■05      -075 

2-S 
50 
100 
200 

30'0 
87.0 

1050 
1570 
2400 
3720 

1050 
1700 
2520 
3970 
5270 
6220 

1100 
1630 

2470 
3900 
S150 
5950 

1160 
1700 
2610 
4300 

1250 
1810 
2800 
4450 
5860 
ftSOO 

1250 
1600 
2800 
4300 
5610 

1300 
1860 
2900 
4650 

1300     1270 
1920     1860 
3030     2900  : 
4720     4510  : 
6200     6000 

^laiiizodbvGoogle 


CHAPTER  XI 

DISCHARGE  TUBES 

267.  QeiBBler  disoharges,  and  discharges  in  highly  rarefied 
gases.  The  discharges  that  take  place  through  rarefied 
gases  contained  in  glass  tabes  may  assume  variona  forms, 
and  an  indefinite  number  of  changes  in  the  appearance  of 
the  discharges  and  the  forces  required  to  produce  them  may 
be  obtained  by  altering  the  shape  of  the  tabe,  the  size  and 
position  of  the  electrodes,  or  the  pressure  of  the  gas. 

In  the  following  pages  a  brief  account  is  given  of  the 
principal  features  of  the  discharges  obtained  in  tubes  of  the 
simplest  form,  in  order  to  show  how  some  of  the  phenomena 
may  be  explained  by  taking  into  consideration  the  properties 
of  the  ions  and  electrons  that  have  been  described  in  the 
preceding  chapters. 

The  various  types  of  discharge  may  be  obtained  in  a 
cylindrical  tube  of  uniform  section  by  altering  the  pressure 
of  the  gas.  At  moderately  low  pressures  the  gas  becomes 
luminous  in  certain  parts  of  the  discharge,  and  the  glow 
becomes  very  brilliant  as  the  current  increases.  The  tubes 
which  exhibit  these  effects  are  generally  known  as  Geissler 
tubes ;  when  they  contain  air  the  pressure  is  usually  greater 
than  one-tenth  of  a  millimetre. 

At  very  low  pressures  the  character  of  the  discharge  alters, 
the  glow  in  the  gas  becomes  faint,  and  a  bright  green 
fluorescence  appears  on  the  surface  of  the  glass.  At 
these  pressures  the  cathode  rays  become  conspicuous,  and 
tabes  of  various  forms  have  been  designed  in  order  to 
investigate  the  properties  of  positive  ions  or  of  electrons 
moving  with  high  velocities.  The  Crookes  tabes,  HSntgen- 
ray  tubes,  and  Braun  tubes  are  well-known  examples  of  the 
apparatus  which  has  been  used  for  these  purposes. 
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268.  Potential  required  to  laaintain  a  dUoharge  in  a 
Oeisaler  tube.  The  potential  difference  between  the 
electrodes  required  to  produce  or  maintain  a  onrrent  through 
a  discharge  tube  is  very  large  when  the  gas  is  at  atmospheric 
pressure,  but  the  potential  diminishes  as  the  tube  is  ex- 
hausted, and  when  a  certain  pressure  is  reached  the  potential 
attains  a  minimum  value.  If  further  reductions  are  made 
in  the  pressure  the  potential  rises,  and  at  very  low  pressures 
it  is  difficult  to  produce  a  discharge  through  the  tube.  The 
potential  also  depends  on  the  section  of  the  tube ;  for  a 
given  pressure  and  distance  between  the  electrodes,  the 
potential  is  greater  for  a  narrow  tube  than  for  a  wide  tube. 

The  potential  difference  V  required  to  start  a  discharge  in 
a  (Teissier  tube  is  not  very  definite,  since  a  charge  on  the 
surface  of  the  glass  may  affect  the  field  of  force  to  a  con- 
siderable extent,  and  there  is  usually  some  irregular  distri> 
bution  of  electricity  on  the  glass  before  the  current  starts. 
When  a  continuous  current  is  passing,  the  charge  on  the 
glass  becomes  distributed  in  a  regular  manner  and  the 
potential  v  required  to  maintain  a  given  current  has  a 
definite  value.  An  example  of  the  changes  in  conductivity 
that  accompany  changes  of  pressure  is  given  in  the  following 
table,  where  v  represents  the  potential  difference  between 
the  electrodes  required  to  maintain  a  current  of  10~' ampere 
through  rarefied  air  at  pressure^.  The  discharge  tookjtlace 
in  a  cylindrical  tube  3  centimetres  in  diameter,  with  plane 
aluminium  electrodes  at  II-5  centimetres  apart. 

•6S      -i     -29     -24     -1?      13 


milUmeti'SB 
of  mercury 

4    2-84    t-65    104 

V  in  volts 

650    620      500     470 

490    530    590    630    740     800 

There  is  thus  a  general  resemblance  between  these  dis- 
charges where  the  conducting  gas  is  limited  by  a  glass  tube 
and  those  of  the  simpler  type  in  which  the  discharge  takes 
place  through  a  space  botmded  almost  completely  by  metal 
electrodes.*    There  are  various  differences  of  detail  between 

*  See  preceding  chapter.  ! 
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:;he  two  cases,  as  may  be  seen  by  comparing  the  potentials 
reqnired  to  maintain  a  discbarge  between  two  parallel  plates 
(vith  the  nambers  given  above- 
When  a  discharge  takes  place  in  air  between  two  large 
parallel  plates  at  a  short  distance  apart,  the  minimum 
sparking  potential  V  is  about  340Tolt8  and  is  obtained  when 
the  product  pS  is  about  •?,  the  pressure  p  being  measured 
in  millimetres  of  mercury,  and  S  the  distance  between  the 
plates  in  centimetres.  The  potential  v  required  to  maintain 
a  current  between  parallel  plates  varies  with  the  pressure  in 
a  similar  manner :  it  diminishes  as  the  pressure  is  reduced, 
and  after  reaching  a  minimum  value  increases  rapidly  when 
farther  reductions  are  made  in  the  pressure.  For  the  larger 
values  of  the  product  p8,  v  is  less  than  V,  and  for  the 
smaller  values  v  is  greater  than  V.  The  minimum  value  of 
V  for  parallel  plates  is  somewhat  less  than  340  volts,  and  is 
therefore  much  less  than  the  minimum  potential  required  to 
maintain  a  current  through  a  discharge  tube. 

209.  DisoliargM  obtained  with  a  battery  of  1,000  volts. 
The  discharges  through  rarefied  gases  may  be  produced  by 
an  induction  coil  or  an  electrostatic  machine,  but  in  order 
to  make  accurate  investigations  of  the  various  phenomena 
a  constant  electromotive  force  is  required  and  it  is  necessary 
to  use  a  battery*  containing  a  large  number  of  cells. 

The  current  through  the  gas  may  be  adjusts  by  means 
of  a  resistance  in  series  with  the  batteiy,  and  in  order  to 
start  the  discharge  it  is  convenient  in  some  cases  to  use  an 
induction  coiL  The  experiments  may  be  arranged  by 
connecting  the  terminals  of  the  battery  circuit  to  the 
electrodes  and  placing  the  wires  from  the  secondary  of  the 
coil  near  the  ends  of  the  discharge  tube.  The  high  potential 
produced  by  the  induction  coil  causes  the  gas  to  conduct, 

'  The  Grat  batteriu  containing  a  aufficient  namber  of  cells  to  produce 
discharge*  through  vacDum  tubes  were  mode  bj  J,  P,  Gassiot  (Proc.  K07. 
Soc.  10,  p.  36,  1859)  and  W.  de  la  Rue,  H.  W.  Mflllet,  and  W.  Spottif- 
woH>de  (Frpo.  Kor-  Soc.  23,  p.  866,  1875).  Interesting  acconnta  of 
these  early'  investigations  are  given  in  the  Transactions  of  the  Royal 
Society. 
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and  a  cvurent  is  obtained  between  the  electrodes  which 
coDtinnes  to  flow  aiter  the  action  of  the  coil  ceases.  At 
certain  pressures  it  is  unnecessary  to  use  a  coll,  as  the 
discharge  takes  place  as  soon  as  the  battery  circuit  is  con- 
nected to  the  electrodes. 

The  discharges  are  usually  classified  according  to  the 
distribution  of  luminosity  in  the  different  parts  of  the  tube, 
which  changes  with  the  pressure  of  the  gas.  The  colour  and 
distribution  of  the  light  may  be  affected  considerably  by 
impurities,  and  in  order  to  obtain  definite  results  it  is 
necessary  to  use  simple  gases,  such  as  hydrogen  or  nitrogen, 
which  may  be  freed  from  impurities.  The  range  of  pressures 
at  which  a  given  type  of  discharge  is  obtAined  depends  ou 
the  gas,  but  the  principal  features  of  the  different  types  are 
the  same  in  alt  gases  and  may  be  obtained  in  a  tube  con- 
taining air. 

In  the  following  description  of  the  discbarges  in  air, 
approximate  values  of  the  currents  and  potentials  corre- 
sponding to  different  pressures  are  given.  A  high  degree 
of  accuracy  cannot  be  obtained,  sinoe  the  conductivity  is 
affected  by  the  chemical  changes  produced  by  the  discharge. 

When  the  potential  of  the  battery  does  not  exceed 
1,000  volts  the  various  types  of  discharge  may  be  obtained 
with  a  tube  10  or  12  centimetres  long,  but  some  of  the  well- 
known  luminous  effects  in  the  gas  are  best  obtained  iu 
longer  tubes. 

270.  Tlie  n^;ative  glow  and  uniform  positive  column  in 
air.  In  a  cylindrical  tube  3  centimetres  in  diameter,  with 
plane  aluminium  electrodes  2  centimetres  in  diameter  and 
2  2  centimetres  apart,  a  continuous  discharge  may  be  obtained 
with  a  battery  of  1,000  volts  when  the  pressure  of  the  air 
is  between  1-65  and  -05  millimetre.  At  the  higher  pressure 
the  potential  difference  between  the  electrodes  required  to 
maintain  the  current  is  almost  independent  of  the  current, 
the  values  of  V  being  920,  925,  and  930  volts  for  currents 
2-7  X  10^",  l'6x  10"*,  and  10"*  ampere.  At  the  lower  pres- 
sures smaller  currents  are  obtained,  which  increase  with  the 
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potential:  thus,  when  ^=-11  millinietTe  the  potentials 
required  to  produce  currents  of  2-7  x  10""  and  10""'  amp^e 
are  760  and  1010  vcAta  respectively,  and  at  a  pressure 
-04  millimetre  the  current  obtained  with  the  latter  potential 
is  of  the  order  10~'  ampere. 

When  the  gas  begins  to  conduct  at  the  pressure  1  -66  mm., 
a  ouiform  column  of  bright  orange-coloured  glow  extends 
from  the  positive  electrode  for  a  distance  of  17  centimetres, 
where  it  ends  abruptly,  and  the  rest  of  the  tube  for  the 
distance  of  5  centimetres  between  the  end  of  the  positive 
column  and  the  negative  electrode  is  nearly  all  dark, 
except  for  a  narrow  glow  about  2  millimetres  wide  that 
surrounds  the  negative  electrode.  A  narrow  dark  space 
of  uniform  width,  generally  known  as  the  Crookea  or  the 
Hittorf  dark  space,  separates  the  negative  glow  from  the 
electrode. 

The  negative  glow,  which  is  of  a  bluish  colour,  ends  with 
a  well-marked  outline  on  the  side  near  the  cathode,  hut  on 
the  aide  remote  from  the  cathode  the  outline  of  the  glow  is 
not  so  well  defined.  The  Crookes  dark  space  and  the 
negative  glow  inorease  in  width  as  the  pressure  diminishes. 
The  dark  space  between  the  negative  glow  and  the  end  of 
the  positive  column  is  known  as  the  Faraday  dark  space. 

As  the  negative  glow  expands,  the  end  of  the  positive 
column  recedes  irom  the  negative  electrode,  and  at  very 
low  pressures  the  positive  column  disappears  and  the  nega- 
tive glow  fills  the  greater  part  of  the  tube. 

In  addition  to  the  long  column  of  light  extending  from 
the  positive  electrode  and  the  negative  glow,  there  are 
narrow  layers  of  luminous  gas  in  contaot  with  the  surface 
of  each  electrode,  the  layer  at  the  positive  electrode  being 
more  brilliant  than  the  positive  column.  Under  certain 
conditions  (with  comparatively  high  pressures)  the  layers 
of  gas  near  the  electrodes  are  the  only  parts  of  the  discharge 
which  appear  to  be  luminous, 

271.  Striated  positive  columns  in  air.  The  general  appear- 
ance of  the  dischuge,  when  the  positive  column  and  nega- 
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tive  glow  are  the  most  prominent  Inminons  effects,  does 
not  alter  verj  much  aa  the  pressure  is  reduced  from 
1-6  millimetres  to  -8  millimetre,  but  at  about  half  a  milli- 
metre pressure  the  appearance  of  the  positive  oolumn  begins 
to  change. 

This  is  illustrated  by  an  experiment  with  the  same  tnbe 
as  before  (3  centimetres  in  diameter,  electrodes  22  centi- 
metres apart).  At  the  pressure  -57  millimetre  and  the 
comparatively  large  current  i  =  6  x  10"^  ampere  (v  =  680 
volts)  the  positive  column  {15-7  centimetres  long)  tends-  to 
break  into  striae,  or  alternately  bright  and  dark  sections, 
at  the  end  near  the  negative  electrode,  but  the  part  in 
contact  with  the  positive  electrode  renmins  continuous. 
With  this  current  the  negative  g^ow  is  visible  for  a 
distance  of  2-5  centimetres  &om  the  negative  electrode, 
and  the  Crookes  dark  space  is  about  4  millimetres  wide. 
With  smaller  currents  the  positive  column  does  not  tend 
to  become  striated  at  this  pressure  (-57  millimetre).  Thas 
when  the  current  is  6  x  10~*  ampere  the  positive  column  is 
16  centimetres  in  length  and  quite  uniform,  the  negative 
glow  is  visible  for  a  distance  of  one  centimetre  from  the 
negative  electrode,  and  the  Crookes  dark  space  is  about 
5  millimetres  wide.  The  tendency  of  the  positive  column 
to  become  striated  increases  as  the  pressure  is  reduced. 
Thus  when  p  =  -37  millimetre  and  i  =  10~^  ampere  the 
positive  column  is  continuous  for  a  distance  of  10  centi- 
metres &om  the  positive  electrode,  and  in  the  remaininj^ 
5  centimetres  there  are  three  distinct  striations.  When 
the  current  is  increased  to  6-7xlO~'  ampere  the  whole 
column  is  divided  into  ten  striations  extending  to  a 
distance  of  14-7  centimetres  from  the  positive  electrode. 

At  a  pressure  •24  millimetre  the  positive  column  is  com- 
pletely striated  for  a  large  range  of  currents,  the  number 
of  striations  and  the  length  of  the  positive  column  depending 
on  the  current.  The  luminonssectionsobtainedwithdifferent 
currents  are  as  follows  : 
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Number  of 
■triationi 
in  positive 


DiHtaQce  from  Distance  from 

positite  electrode  negative  electrode 

to  end  of  tost  to  end  of  negative 

striatioD.  glow. 

8'5  centimetres       9-5  centimetres 
10-5  „  7-5 

11-2  „  6-7 

12-3  „  6-0 


As  the  pressure  is  diminished,  the  positive  column  con- 
tracts still  further  and  eventually  disappears  when  the 
Faraday  dark  space  reaches  the  positive  electrode. 

373.  LengthB  of  the  poaitive  oolomn  and  the  negative 
glow.  When  longer  tubes  are  used,  the  position  of  the 
negative  glow  and  the  two  dark  spaces  remain  practically 
the  same  for  a  given  current  and  pressure  of  the  gas,  but 
there  is  an  increase  in  the  length  of  the  positive  colanm 
equal  to  the  increase  in  the  length  of  the  tube. 

A  very  long  column  of  Inminous  gas  may  be  thus  obtained, 
which  is  of  nuiform  brightness  when  the  pressure  is  of  the 
order  of  a  millimetre,  but  tends  to  become  striated  as  the 
pressure  is  reduced. 

With  shorter  tubes  it  is  easy  to  attain  a  pressure  at  which 
the  positive  oolomn  disappears.  Thus  at  ■!  millimetre 
pressure,  and  a  current  2x  10"^  ampere,  the  Orookes  dark 
space  is  about  1-5  centimetres  wide  and  the  negative  glow 
may  extend  to  a  distance  of  12  or  14  centimetres  from  the 
negative  electrode,  and  when  the  electrodes  are  less  than 
this  distance  apart  the  negative  glow  reaches  the  positive 
electrode. 

These  latter  effects  are  easily  obtained  with  a  tube  3  centi- 
metres wide,  in  which  the  electrodes  are  about  10  or  12 
centimetres  apart.  Also,  with  a  potential  of  1,000  volts, 
discharges  may  be  obtained  in  a  tube  of  this  length  at 
much  higher  pressures  than  is  possible  in  the  longer  tubes. 

At  pressures  of  4  or  5  millimetres,  a  discharge  may  take 
place  in  which  there  is  no  positive  column,  provided  that  the 
current  is  not  very  large.  With  a  distance  of  11-5  centimetres 
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between  the  electrodes  and  a  pressure  of  4  millimetre^, 
a  bright  nniform  positive  column  is  obtained  extending  t6 
a  distance  of  6  centimetres  from  the  positive  electrode 
when  the  current  is  2  x  10-'  amp^.  The  positive  colnmll  i 
diminishes  in  intensity  and  becomes  somewhat  shorter  flA  | 
the  current  is  reduced,  and  it  disappears  completely  wheti 
the  current  is  7  x  10"^  ampere.  In  the  latter  case  the  tubfe 
is  quite  dark,  with  the  exception  of  the  negative  glo^, 
which  is  close  to  the  negative  electrode,  and  the  bright 
layers  at  the  surfaces  of  the  electrodes. 

378.  CloBBiflaatioii  of  OeisBler  disolutrgeB,  The  dischargdfc ' 
through  Geissler  tubes  may  thus  be  considered  to  be  df 
four  different  types,  which  change  gradually  from  one  th 
another  as  the  pressure  is  reduced.  In  air  they  may  all 
be  obtained  with  a  potential  less  than  1,000  volts  in  a  tubb 
10  or  12  centimetres  in  length  and  3  centimetres  ill 
diameter. 

At  the  pressure  of  about  four  millimetres  a  discharge 
through  air  may  be  obtained  which  is  accompanied  b^ 
luminous  effects  at  the  electrodes,  the  tube  being  othet- 
wise  quite  dark.  At  a  pressure  of  1  millimetre,  the  seconQ 
type  is  obtained,  of  which  the  characteristic  feature  Is 
a  uniform  position  column  extending  &om  the  positive 
electrode  to  within  5  or  6  centimetres  of  the  negative 
electrode.  In  the  third  type,  at  a  pressure  of  a  quarter  of 
a  millimetre,  the  positive  column  becomes  shorter  and  Is 
divided  into  striationa.  Finally,  the  fourth  type  is  obtained  ; 
at  a  pressure  of  about  one-tenth  of  a  millimetre,  the  positive; 
column  disappears  and  the  negative  glow  fills  the  greater 
part  of  the  tube. 

274.  Distribution  of  force  in  Qdlaalerdisoluirges;  Oraham'a 
experiments.  Several  investigations  have  been  made  to 
determine  the  distribution  of  electric  force  in  the  Geisslai 
discharges.  The  principle  usually  adopted  has  been  to  find 
the  potential  difference  between  one  of  the  electrodes  andl 
a  wire  projecting  into  the  gas  at  various  parts  of  the  dig- 
charge.    This  method  obvionsly  cannot  give  reliable  results! 
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wnen  the  wire  is  very  near  one  of  the  electrodes,  but  it  may 
be  assomed  that  the  potentials  taken  ap  by  an  inaulated  wire 
at  points  of  the  discharge  remote  &om  the  electrodes  are 
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Figure  64 (i).  Nitrogen,  preBrare  25  millimetreB of  mercury.  Carrent 
2-39  X 10-*  ampire.  Xin  to Itg  per  centimetre,  d  the  distance  from  the 
positive  electrode  in  centimetiea. 


n  .«'*".'!?  ^ '"'■  ^'*'???">P«»«'re -95  millimetre  of  mercorr.  Cnrwnt 
2-46xl0-'ampfere.  X  in  rolte  per  centimetre,  d  the  diBtance  from  the 
positive  electrode  in  centimetre*. 


approximately  the  same  as  the  potentials  at  those  points 
when  the  wire  is  removed. 

In  a  series  of  experiments  made  by  Graham  this  method 

was  improved  by  using  two  insulated  wires  at  a  short 
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distance  a  apart,  &nd  finding  the  potential  difference   E 
between  the  wires.     The  wires  were  fixed  in  a  movable 


Figure  €4(iii).  Nitrogen,  pressure  -63  millimetre  of  mercurjr.  Current 
1-16  V  10~'  ampere.  X\n  toIU  per  centimetre,  d  the  distance  from  the 
positive  electrode  in  centimetres. 


I^ 

T 

Figure  M  (iv).   Nitrogen,  pressure  rery  low.    Current  3-3  v  10  -  *  ampere. 
X  in  volts  per  centimetre,    d  the  distance  from  the  positive  electrode  in 

centimetres. 

frame  placed  at  different  parts  of  the  discharge  and  the 
electric  force  E/a  was  thus  found  for  the  whole  distance 
between  the  electrodes. 
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Tte  results  obtained  by  Oraham  *  for  discharges  in  pure 
nitrogen  are  given  in  figures  64  i,  ii,  iii,  and  iv.  The 
diagrams  ehow  the  appearance  of  the  four  different  types  of 
discharge,  the  electrodes  being  plane  aluminium  discs  about 
20  centimetres  apart.  The  positive  electrode  is  on  the  left 
of  the  figure  and  the  shading  represents  the  luminous  parts 
of  the  discharge.  The  curves  give  the  electric  force  in  volts 
per  centimetre,  the  abscissae  being  the  distances  from  the 
positive  electrode  in  centimetres. 

Neglecting  the  effects  quite  close  to  the  electrodes,  the 
curves  show  how  the  force  is  distributed  in  the  dark  and 
luminous  sections  of  the  gas. 

In  the  first  type  of  discharge,  p  =  2-5  millimetres,  the 
force  is  constant  (26  volts  per  centimetre)  for  a  distance  of 
about  10  centimetres  from  the  positive  end.  Towards  the 
negative  electrode  the  force  diminishes  and  attains  a  mini- 
mam  value  of  the  negative  glow. 

In  the  second  type  the  force  at  the  positive  end  of  the 
tube  is  constant  thronghont  the  length  of  the  positive 
column,  diminishes  in  the  Faraday  dark  space,  and  attains 
a  minimum  value  at  the  negative  glow. 

These  two  types  are  therefore  not  very  different,  and  the 
brightness  of  the  positive  column  in  the  second  case  may 
be  due  to  the  increased  velocity  of  the  ions ;  at  the  positive 
end  of  the  tube  X/p  =  21  when  the  pressure  is  -95, 
but  at  the  pressure  2-5  millimetres  the  value  of  X/p  is 
about  10. 

In  the  third  type  of  discharge,  where  the  positive  column 
is  striated,  the  force  rises  and  falls,  the  maxima  occurring  in 
the  light  striatioDs  and  the  miniuLa  in  the  dark  parts 
between  the  striations. 

In  the  fourth  typo  the  Crookes  dark  space  is  about 
4  centimetres  long  and  the  negative.glow  extends  to  within 
7  centimetres  of  the  positive  electrode,  and  in  this  case  the 
positive  column  disappears. 


•  W.  P.  GrahftM,  Wied.  Ann.  64,  p.  49,  1898. 
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Similftr  iDveatigations  hays  been  made  by  Wilson  *  wbose 
experiments  with  nitrogen  and  hydrogen  are  in  good  general 
agreement  with  the  results  obtained  by  Graham.  Wilson 
found  that  the  force  near  the  positive  electrode  was  very 
small  and  apparently  became  negative  at  very  low  pressures. 
These  results,  being  obtained  from  observations  of  the 
potentials  assumed  by  insulated  wires  at  different  points 
of  the  discharge,  were  not  very  reliable,  and  Wilson 
considered  that  it  is  not  certain  that  the  force  becomes 
negative. 

276.  The  cathode  fbll  of  potentiaL  The  numerous 
researches  that  have  been  made  to  determine  the  field  of 
force  in  the  neighbourhood  of  the  electrodes  have  shown 
that  there  is  a  lai^e  difference  in  potential  between  the 
negative  electrode  and  pointa  in  the  negative  glow.  This 
potential  is  known  as  the  '  cathode  fall  of  potential ',  and  is 
nsually  measared  by  placing  a  wire  at  the  end  of  the  glow 
near  the  cathode,  bat  as  the  potential  gradient  in  the  nega- 
tive glow  is  so  small,  the  fall  of  potential  is  practically  the 
same  when  the  wire  is  in  any  position  near  the  end  of  the 
glow. 

Hittorf 's  f  researches  are  among  the  first  that  were  made 
to  determine  the  field  of  force  in  the  discharges,  and  he 
found  that  the  cathode  fall  of  potential  was  independent 
of  the  current,  provided  that  the  negative  glow  did  not  cover 
the  cathode.  This  potential  ia  the  normal  cathode  &11  of 
potential,  and  Warburg  t  found  that  it  is  independent  of  the 
pressure  of  the  gas.  In  air,  the  normal  cathode  fall  of 
potential  is  about  340  volts.  With  small  currents  the  glow 
is  not  distributed  over  the  whole  electrode  but  is  confined 
to  a  small  area  ;  as  the  current  increases,  the  glow  spreads 
and  covers  the  whole  electrode.  When  the  negative 
electrode  is  completely  covered  with  the  glow,  the  cathode 
fell  of  potential  increases  with  the  current. 

•  H.  A.  WilBon.  Phil.  Mag.  (5)  4©,  p.  505, 1900. 

t  W.  Hittorf,  Wiod.  Ann.  30,  p.  705, 1888 ;  21,  p.  1S3, 1884. 

t  E.  Warburg,  Wied.  Ann.  31,  p.  545, 1887. 
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The  force  near  the  nsgative  electrode  was  also  iuyesti- 
gated  by  Schuster,*  who  showed  that  the  phenomena  indi- 
cated that  the  positive  ions  were  of  larger  mas3  than  the 
negative  iona.  The  concentration  of  the  force  in  the 
neighboorhood  of  the  negative  electrode  mnst  arise  from 
a  large  positive  charge  in  the  gas,  and  this  accamulation 
of  positive  ions  may  be  explained  if  the  positive  ions 
move  more  slowly  than  the  negative  ions  under  the  electric 
force. 

378.  Determinations  of  the  normal  oathode  fall  of 
potential.  Several  determinations  have  been  made  of  the 
normal  oathode  fall  of  potential  and  the  width  of  the 
Crookea  dark  apace  in  difi'erent  gases  when  various  metala 
are  used  as  electrodes.  The  earlier  experiments  showed 
that  with  ordinary  metals  the  cathode  fall  for  any  gas  is 
approximately  independent  of  the  electrode,  but  Mey  has 
found  that  it  is  much  smaller  when  one  of  the  alkali  metals 
is  used  aa  the  negative  electrode  than  with  other  metsls. 
This  is  also  the  case  with  the  amalgauLs  of  sodium  and 
potassium,  or  the  alloy  formed  with  these  metals,  when 
the  discharge  passes  through  nitrogen,  hydrogen,  or 
helium. 

In  nitrogen  the  surfaces  of  the  electrodes  become  tar- 
nished, owing  to  a  chemical  combination  of  sodium  or 
potassium  with  the  gas,  and  this  canses  an  increase  in  the 
potential  fall  which  disappears  when  the  surface  is  renewed 
by  reversing  the  current. 

Mey  gives  a  list  of  the  values  of  the  normal  cathode  fall 
of  potential  aa  obtained  in  some  of  the  principal  investiga- 
tiona.t  the  nambera  being  aa  follows: 

•  A.  SchMter,  Proc.  Roy.  Sot  47,  p.  541,  18B0. 

t  The  table  ii  made  up  from  researcheg  of  the  following  authors,  the 
paiticakir  reinlta  obtained  bj  each  being  indicated  b;  the  lettera  given 
vith  the  nnmben : 

E.  Waibnrg,  Wied.  Ann.  81,  p.  545, 1887 ;  40,  p.  1,  1890. 

J.  W.  Caprtick,  Proc.  Boy.  Soc.  88,  p.  856,  1898. 

Bon.  R.  J.  Stratt,  Phil.  Mar.  (5)  49,  p.  293, 1900, 

W.  Heuse,  Inang.  Biw.,  Beriin,1901. 

K.  Mey,  Ann.  der  PhyB.  (4)  11,  p.  127, 1903. 
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There  is  thos  a  diatluct  difference  in  tlie  potentials 
corresponding  to  the  various  electrodes,  those  obtained  with 
the  alkali  metals  being  comparatively  smalL 

277-  Fropertiea  of  tlie  alkali  metala.  The  electric 
properties  *  of  these  metals  are  also  remarkable  in  other 
respectfl,  since  they  lose  a  negative  charge  very  rapidly 
when  exposed  to  ordinary  daylight  The  small  cathode 
fall  of  potential  is  probably  due  to  the  fact  that  under  the 
action  of  the  radiation  irom  the  discharge  or  of  the  impacts 
of  the  positive  ions,  the  alkali  metals  emit  large  numbers 
of  electrons  as  comparad  with  the  numbers  that  would  be 
emitted  onder  similar  cironnutances  ftx>m  ordinary  metals. 

In  their  recent  investigations  Elster  and  Geitelf  have 
found  that,  with  cathodes  of  the  alkali  metals,  the  electric 
discharge  through  hydrogen  at  a  low  pressure  produces 
a  oomponnd  on  the  siufaoe  of  the  electrode  which  is  blue  or 
green  in  the  case  of  potassium,  sodium,  rubidium,  and  cobalt, 
or  yellow-brown  with  sodium.  A  much  greater  photo- 
electric effect  is  obtained  with  these  coloured  metals  than 
with  the  pore  metals.  The  colour  and  sensitiveness  to  light 
change  slowly  in  hydrogen. 

The  surfaces  obtained  by  the  discharges  through  hydrogen 
retain  their  sensitiveness  to  light  in  an  atmosphere  of  argon 
or  helium,  and  a  large  number  of  electrons  are  emitted 
when  infra-red  radiation  falls  on  the  electrode.  The  cur- 
rents thus  obtained  may  be  measured  by  a  galvanometer. 

a7B.  The  Crookee  dark  space,  and  the  cathode  fail  of 
potentiaL  Becently  a  more  complete  investigation  of  the 
discharge  in  the  neighbourhood  of  the  cathode  was  under- 
taken by  Aston,}  and  the  experiments  were  continued  in 
collaboration  with  Watson.^  Their  researches  deal  with 
discharges  in  which  the  negative  glow  covers  the  whole 

*  See  Section  47. 

+  J.  Elrter  and  H.  Qeitel,  Phyi.  Zeitschr.  U,  p.  267, 1910:  13,  pp.  60? 
and  758, 1911. 
I  F.  W.  ArtoD,  Proc.  Rov.  Soc.  A,  78,  p.  BO,  1007. 
S  F.  W.  Alton  and  R  E.  Wataon,  Proc.  Bof .  Soc.  A,  86,  p.  168, 1912. 
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surface  of  the  oathodo,  so  that  currents  below  a  certain 
minimoTa  were  not  used,  and  the  cathode  fall  of  potential 
exceeded  the  normal  value.  Also  the  gases  were  reduced  to 
such  low  pressures  that  the  Crookes  dark  apace  was  not 
less  than  a  few  millimetres  wide,  and  an  accorate  measure- 
ment of  the  width  was  possible. 

The  apparatus  consisted  of  a  wide  cylindrical  glass  vessel 
containing  a  pair  of  large  aluminium  discs,  of  the  same 
diameter  as  the  containing  vessel,  which  were  used  as  the 
electrodes.  One  of  the  discs  was  divided  into  an  inner  disc 
and  an  outer  ring  in  the  same  plane,  which  acted  as  a  guard 
ring.  The  air  gap  between  the  ring  and  the  disc  was  veiy 
small,  and  as  both  were  approximately  at  zero  potential 
they  acted  as  one  continuous  surface.  The  inner  disc  was 
connected  to  earth  through  a  galvanometer,  in  order  to 
meaaure  the  current  in  the  central  part  of  the  field  which 
was  unaffected  by  the  glass  surface.  The  other  electrode 
was  movable,  and  was  raised  to  a  high  potential  by  a  battery 
of  accumulators.  The  distance  between  the  electrodes  was 
of  the  same  order  as  the  diameter  of  the  vessel  in  which 
they  were  contained. 

When  the  current  was  sufficiently  great  to  cover  the 
cathode  with  a  glow  and  there  was  no  positive  light,  it  was 
fonnd  that  the  distance  between  the  plates,  when  it  was 
considerably  longer  than  the  dark  space,  had  no  measurable 
effect,  either  on  the  dark  space,  the  voltage,  or  the  current. 
The  discharge  was  therefore  of  the  fourth  type  described 
above,  in  which  the  Faraday  dark  space  or  the  negative 
glow  extends  to  the  positive  electrode,  and  the  results  are 
in  agreement  with  Graham's  experiments,  which  show  that 
the  electric  force  is  very  small  in  the  negative  glow  and  in 
the  Faraday  dark  space. 

279.  Formulae  given  by  Aston  and  Watson  for  D  and  V. 
It  follows  that  the  fall  of  potential  across  the  Crookes  dark 
space  is  practically  the  same  as  the  potential  difference 
between  the  electrodes  when  the  negative  glow  extends 
to  the  positive  electrode,  and  the  latter  potential  cannot 


DISCHARGE  TtJBES  411 

vary  by  any  great  amount  with  the  distance  between  the 
electrodes. 

Under  these  conditions  it  was  found  that  the  length  of 
the  dark  space  D  and  the  potential  difference  between  the 
electrodes  V  were  given  in  terms  of  the  pressure  p  and  the 
current  density  C  by  the  formulae 

p     -/c 

P 

A,  B,E,  and  F  being  constants. 

The  results  obtained  with  argon  and  helium  are  not 
accurately  represented  by  these  formulae,  and  the  numbeiB 
given  in  the  tables  for  these  gases  give  only  approximate 
values  of  V  and  D. 

ItD  be  measured  in  centimetres,  p  in  hundredths  of  a  milli* 
metre  of  mercury,  G  in  tenths  of  a  milliamp^re  per  square 
centimetre  of  the  cathode,  the  values  of  the  constants  for  the 
different  gases  are  given  in  the  following  table.  The 
pressures  at  which  the  dark  space  is  one  centimetre  in 
length  when  unit  current  is  flowing  (i  =  10"*  ampere  per 
square  cm.)  are  given  in  the  column  P.  The  potentials 
required  to  maintain  the  disohaige  under  these  conditions 
when  the  electrodes  are  1 7  centimetres  apart  are  given  in 
the  column  V,  and  since  the  force  is  very  small  in  the 
distance  of  16  centimetres  from  the  end  of  the  dark  space 
to  the  positive  electrode,  these  potentials  are  not  much 
greater  than  the  cathode  fall  of  potential 

ABB         FxlO-'         F  y 

Hjdrogen  36-5  -48  144 

Helium  8S  -49  255 

Carbon  monoxide        10  -42  255 

Nitrogen  6-8  -40  230 

Air  6-5  42  255 

Oijgeu  5-7  -49  290 

Argon  5-4  -34  240  vfi  o-s       an 

The  influence  of  the  nature  of  the  cathode  on  the  dis- 
charges through  oxygen  and  hydrogen  has  recently  been 


573 

46-S 

too 

70-6 

41-5 

17-5 

23-6 

11-3 

23-0 

11-5 

17-6 

n-4 
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investigated  by  Aston,*  and  it  was  found  that  the  values  of 
F  and  D  were  always  given  by  equations  of  the  same  form 
as  those  obtained  with  aluminium  electrodes.  In  these 
experiments  the  electrodes  were  oiroular  discs,  10  centi- 
metres  in  diameter  and  1 1  centimetres  apart,  an  aluminium 
disc  being  used  as  the  positive  electrode  in  each  case. 
For  simplicity  in  calculating  the  current  density,  the  whole 
surface  area  was  used.  This  involves  an  edge  error  which 
is  probably  much  the  same  for  each  metaL 

The  following  table  gives  the  constants  for  discharges 
through  oxygen  and  hydrogen  when  different  metals  are 
used  as  the  negative  electrode : 


OXYCIBX. 

HYDBOaEN. 

A 

B 

E 

FxlO-» 

A 

B 

E 

FxlO-' 

Mg. 

4-8 

■41 

310 

18-5 

28 

■89 

m 

50 

5-7 

■43 

310 

17-5 

23 

■41 

170 

66 

Fe. 

n-h 

■m 

m 

260 

84 

-44 

260 

91 

Cu. 

8-9 

M) 

B40 

28-5 

47 

■45 

300 

130 

Zn. 

7-8 

■48 

ana 

235 

43 

■41 

220 

118 

Ag. 

lO-H 

KSO 

83-0 

l\ 

47 

325 

140 

Sn. 

7-9 

8«3 

240 

41 

■45 

250 

120 

Pt. 

m 

335 

300 

45 

-42 

270 

120 

Pb. 

8-7 

•41 

S40 

31-5 

51 

■50 

390 

166 

280.  Potential  assumed  by  a  wire  in  a  oonduoting  gas. 
The  method  of  taking  the  potential  at  a  point  in  a  con- 
ducting gas  by  means  of  an  insulated  wire  probably  gives 
reliable  results  when  the  gas  in  the  neighbourhood  of  the 
wire  contains  a  large  number  of  positive  and  negative  ions. 
But  when  the  wire  is  placed  near  one  of  the  electrodes 
the  stream  of  ions  approaching  the  electrode  generaUy 
exceeds  the  stream  in  the  reverse  direction,  and  the  wire  ! 
takes  up  a  charge  opposite  in  sign  to  the  charge  on  the 
electroda  Thus  when  a  wire  is  placed  near  the  positive 
electrode  it  becomes  negatively  charged.  In  the  latter  case  . 
the  final  potential  assumed  by  an  insulated  wire  is  not  i 
the  same  as  the  potential  in  the  gas  when  the  wire  is  I 
•  F.  W.  Aeton,  Proc.  Boy.  Soo.  A,  87,  p.  437, 1912. 
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removed.  Thus  Skinner  *  has  observed  that  a  wire  placed 
very  close  to  the  positive  electrode  takes  up  a  potential 
which  is  aboat  30  volts  less  than  the  potential  of  the 
electrode,  and  it  has  generally  been  supposed  that  the 
experiments  show  that  there  is  fall  of  potential  of  that 
order  between  the  anode  and  the  gas.  This  conclusion 
ia  obvioQsly  not  justified,  and  there  is  no  reliable  experi- 
mental evidence  to  show  that  there  is  an  abrupt  change 
i)f  potential  between  the  electrode  and  the  gas  in  its  im- 
mediate neighbourhood  when  the  current  is  undisturbed 
by  the  wire-f 

It  is  interesting  to  consider  the  effects  obtained  with 
an  insulated  wire  near  the  negative  electrode.  When  the 
wire  is  placed  in  the  negative  glow  in  air,  the  normal 
potential  difference  between  the  wire  and  the  electrode 
is  3i0  volts.  As  there  are  streams  of  positive  and  negative 
ions  on  each  side  of  the  wire,  the  potential  assumed  by  the 
wire  is  probably  the  same  as  that  of  the  gas.  When  the 
wire  is  brought  into  the  dark  space  near  the  electrode 
the  potential  diminishes,  so  that  the  potential  difference 
between  the  wire  and  the  electrode  becomes  less  than  the 
potential  required  to  maintain  a  current.  The  gas  in 
the  narrow  space  between  the  wire  and  the  electrode  ceases 
to  conduct,  and  the  wire  is  exposed  on  one  side  to  the 
stream  of  positive  ions  approaching  the  electrode.  The 
wire  therefore  becomes  positively  charged,  and  the  potential 
becomes  greater  than  that  of  the  undisturbed  gas.  The 
£nal  potential  is  attained  when  the  rate  at  which  negative 
ions  are  attracted  to  the  wire  irom  the  sarrounding  gas 
becomes  equal  to  the  current  of  positive  ions  colliding 
with  the  wire. 

Thus  when  the  wire  is  brought  very  near  the  negative 
electrode  it  attains  a  potential  higher  than  that  of  the 
electrode,  but,  aa  in  the  case  of  a  wire  very  close  to  the 
positive  electrode,  it  is  not  possible  to  draw  any  conclusion 
as  to  the  potential  in  the  gas  near  the  electrode. 

*  C.  A.  Skinner,  Ffail.  Mag 
+  PhU.  Hag.  (6)  U,  p.  78^ 
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281.  Thomfion'a  ezperimenta  on  tlid  disteibntloa  of  force 
in  a  striated  oolonm.  The  force  in  the  cathode  dark  space 
has  been  determined  by  Aston  by  another  method  'which 
had  been  used  by  Thomson  to  investigate  the  force  in  the 
positive  column.  The  principle  of  the  method  consists 
in  passing  a  narrow  beam  of  cathode  rays  irom  a  side- 
tube  across  the  discharge.  The  rays  are  received  on  a 
fittorescent  soreen  in  another  side-tabe  opposite  to  that 
&om  which  they  emerged.  The  side-tnbes  are  at  right 
angles  to  the  axis  of  the  principal  discharge  tube,  and  the 
cathode  rays  in  passing  throogh  the  conducting  gas  are 
deflected  by  an  amonnt  which  is  proportional  to  the  force. 

In  order  to  find  the  force  at  different  parts  of  the  dis- 
charge, the  electrodes  were  mounted  at  a  fixed  distance 
apart  on  a  movable  frame,  and  it  was  thus  possible  to 
place  either  electrode  at  any  required  distance  from  the    \ 
line  in  which  the  cathode  rays  traversed  the  tube. 

Thomson*   applied    this   method   to  test  some   effects 
observed  by  the  ordinary  method  with  exploring  wires,  in 
an  investigation  of  the  distribution  of  force  in  the  striated 
ptraitive  oolomn  in   hydrogen.    The  resnlts  obtained  by 
the  two  methods  were  in  good  agreement.    At  low  pressures 
variations  were  observed  in  the  intensil^  of  the  force  in 
the  bright  and  dark  parts  of  the  striaUons,  the  electric 
force  being  negative  on  the  cathode  side,  just  in  irout  of  the 
toright  striation.    These  negative  forces  were  smaU  and 
were  only  observed  at  low  pressures,  but  when  the  current 
■was  reduced  until  the  discharge  was  no  longer  striated,   j 
large  negative  forces  were  observed  in  the  neighbourhood 
of  the  anode.    In  some  cases  the  region  in  which  the  force 
was  negative  extended  for  a  long  distance  from  the  anode, 
which  may  be  as  much  as  two-thirds  of  the  distance  from 
the  anode  to  the  cathode.    These  results  differ  from  Uiose    I 
obtained  by  Graham  and  Wilson,  who  did  not  observe    ' 
reversals  in  the  direction  of  ih.e  force  at  points  in  the    j 
striated  positive  column. 

■  J.  J.  Thomson,  PhU.  Hag.  (6)  18,  p.  441, 1909. 
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382.  Aston's  experiments  on  tbe  force  in  the  Orookes 
dark  spaoe.  Aston*  examined  the  distribntion  of  force 
in  a  discharge  between  two  large  parallel  platea  of  ala- 
mininin,  12  centimetres  iti  diameter  and  6-6  centimetres 
apart,  naing  the  deflection  of  a  narrow  stream  of  caUtode 
rays  as  a  measure  of  the  intensity  of  the  force.  In  order 
that  the  rays  shonld  not  be  deviated  by  a  large  angle  in 
traversing  the  discharge,  it  is  necessary  to  use  rays  travel- 
ling with  a  high  velocity.  This  imposed  a  limit  on  the 
range  of  pressures  at  which  it  was  possible  to  make  the 
experiments,  since  the  pressure  in  the  side-tnbe  in  which 
the  cathode  rays  were  generated  was  the  same  as  the 
pressnre  in  the  main  discharge,  and  it  is  only  at  very  low 
pressnres  that  cathode  rays  with  a  high  velocity  can  be 
prodaced.  The  pressures,  as  dednced  from  the  length  of 
the  dark  space,  were  of  the  order  of  •!  millimetre  in 
hydrogen,  and  -026  millimetre  in  the  other  gases — air, 
oxygen,  and  argon. 

The  results  obtained  are  very  simple ;  the  force  F  in  the 
Crookes  dark  space  is  proportional  to  the  distance  from 
the  edge  of  the  negative  glow ;  in  the  negative  glow  the 
force  is  inappreciable. 

There  were  no  large  forces  observed  in  the  layers  of  gas 
near  the  electrodes.  The  force  at  the  positive  electrode 
vas  inappreciable,  and  that  at  the  negative  electrode  was 
ZV/D,  F  being  the  cathode  fall  of  potential,  and  i)the  width 
of  the  dark  space. 

The  dark  space  in  these  experiments  was  about  three 
centimetres  wide,  and  the  negative  glow  filled  the  remainder 
of  the  distance  between  the  plates. 

Since  the  force  in  the  negative  glow  is  small,  the  potential 
difference  between  the  electrodes  mnst  be  almost  the  same  for 
different  distances  between  the  electrodes,  when  the  total 
length  of  the  discharge  is  a  small  multiple  of  the  width  of  the 
Crookes  dark  space.  This  agrees  with  the  previous  experi- 
ineiits.t    Also,  if  there  are  no  potential  differences  between 
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the  gas  and  the  electrodes,  the  total  fall  of  potential  between 
the  electrodes  should  be  approximately  the  same  as  the 

fall  of  potential  obtained  by  the  integration      Fdx.    The 

following  table  shows  that  the  cathode  £aX\  of  potential 
calculated  by  this  method  is  practically  the  same  as  the 
potential  difTerence  between  the  electrodes  given  by  a 
voltmeter. 

The  different  potentials  given  for  hydrogen  and  oxygen 
correspond  to  diflerent  currents  through  the  gas.  In  all 
cases  the  cnrrents  were  sufficiently  great  to  cover  the 
cathode  with  the  negative  glow. 


Length     of     dark, 
ipiice  in  cm, 
Calcnlated    poten- 

Potential  between 

given  by  a  Tolt- 
meter 

Hjdiegen. 

Air 

Oxygen. 

Ai^n. 

3-8 
270 
265 

8-1 
S69 
375 

31 
536 
530 

2-81 
595 
610 

2.8. 
590 
588 

3-05 
U2 
445 

310 
493 
495 

2-70 
602 
610 

3-02 
610 
620 

The  close  agreement  between  the  potential  fall  in  the 
dark  space  and  the  potential  difference  between  the  elec- 
trodes shows  that  there  cannot  be  any  abmpt  potential 
fall  between  the  gas  and  either  of  the  electrodes  of  the 
order  of  30  volts. 


383.  Force  in  the  uniform  positive  oolnma ;  Hen's  ex- 
periments. The  phenomena  that  occur  at  the  positive  end 
of  a  long  G-eissler  tnbe  are  simpler  than  those  at  the 
negative  end  when  the  pressure  and  current  are  adjusted 
so  as  to  produce  a  uniform  positive  column.  In  this  case 
the  electric  force  parallel  to  the  axis,  or  potential  gradient, 
is  constant  in  the  luminous  column. 

The  changes  that  take  place  in  the  force  corresponding 
to  changes  in  the  pressure  of  the  gas,  the  current,  and  the 
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diameter  of  the   tube  have  been   inTestigated   by  Herz,* 
the  gases  which  were  used  being  hydrogen  and  nitrogen. 

When  the  presBure  is  conBtant,  the  force  diminishes  aa 
the  current  increases,  the  relation  between  X  and  i  being 
given  by  the  formula 

X  =  X^-b{i-i^. 

The  force  X^  corresponding  to  the  current  i^  increases 
with  the  pressure  of  the  gas,  hut  the  factor  b  is  practically 
independent  of  the  pressure.  This  factor  diminishes  as  the 
diameter  of  the  tube  increases. 

The  following  table  gives  the  force  X  in  volts  per  centi- 
metre in  nitrogen,  in  tubes  of  different  diameters  2R, 
corresponding  to  a  current  of  1-2  milliamp^res ;  the  valnes 
of  h  are  in  volts  per  centimetre  when  the  rise  of  current 
i—i^  is  measured  in  milliampSres : 

Electbic  Foboe  IK  Positive  CoLtms  iv  Nitrooeh. 


p  ID  mm.  of 

1 

10mm. 

15  mm. 

20  mm. 

25  mm. 

8 

7-5 

7 

6-5 

6 

5-5 

5 

4-5 

4 

3-5 

3 

2-55 

2 

1-5 

1 

141-4 

139-2 

182-6 

116-1 

118-2   . 

109-4 

99-7 

89-2 

77-7 

156-8 
148-4 
140-1 
131-9 
123-8 
115-8 
107-8 
99-9 
92-2 
S4-5 
76-1 
66-2 
55-4 
43-6 

97^7 
89-3 
80-5 
71-2 
61-5 
51-4 
40-8 
29-8 

60-2 

48-7 
87-5 
26-9 

b 

10-0 

8-5 

3-5 

3-4 

The  following  are  the  forces  in  the  positive  column  in 
&  tube  16  millimetres  in  diameter  containing  hydrogen  at 
different  pressares,  the  current  being  one  milliamp^re : 


■  A.  Herz,  Wied.  Add.  61,  p.  244,  1895. 
B  e 
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Electric  FoUcb  id  Positive  Column  Iit  Hyoboobk. 


p 

X 

8 

117-0 

7 

105H) 

6 

92-6 

5 

79-5 

4 

64-5 

The  detenninations  of  the  temperature  of  the  gas  in  the 
positive  column  show  that  the  decrease  in  the  potential 
gradient  which  accompanies  an  increase  of  the  current  is  to 
some  ezteut  due  to  the  diminution  of  the  density  of  the 
gaa.* 

284.  Wilson's  detenninations  of  Ote  fDroe  in  the  positive 
oolomn.  The  values  of  the  force  in  the  positive  column  in 
air,  oxygen,  and  hydrogen  at  lower  pressures  have  been 
determined  by  Wilson. f 

In  air  at  pressures  less  than  one  millimetre,  the  force  is 
nearly  constant  for  the  small  currents  that  may  be  used,  but 
with  higher  pressures  the  force  diminishes  as  the  current 
increases.  The  experiments  were  made  in  a  tube  2-1  centi- 
metres in  diameter,  and  the  following  forces  (in  volts  per 
centimetre)  were  obtained  in  air  at  2-81  millimetres  pressure : 
X  =  57  i=    4.05x10-' 

Z  =  54  t  =     7-85  X  10"^ 

Z  =  50-6       i=  11.5    xlO-=. 
With  small  currents  of  the  order  10"*  to  10*  ampere  the 
force  is  independent  of  the  current,  and  increases  as  the 
square  root  of  the  pressure. 

The  ranges  of  pressure,  for  the  different  gases,  within 
which  the  ratio  X/Vp  was  found  to  be  constant,  are 

Air  X/Vp  =  34-9,  from  ^  =  -2     to  j>  =  2.82  mm. 

Oxygen       A'/v'j)  =  26  9,  from  p  =  .139  to  p  =  -85  mm. 

Hydrogen  X/Vp  =  28-0,  from  p  =  -25    to  p  =  1-36  mm. 

*  See  Section  287. 

t  H.  A.  WilBoo,  Pioc.  Camb.  Phil.  Soc.  11,  pp.  249  nod  S91,  1902. 
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28S.  Wilfloa'a  investigationB  of  the  Hall  elltot.  Wilson 
also  investigated  the  Hall  effect  in  the  uniform  positive 
cblomn  with  the  same  pressures  and  currents  as  those  for 
rfhich  the  values  of  X  were  determined.  When  a  trans- 
verse magnetic  force  H  acts  on  the  streams  of  positive  and 
negative  ions  moving  in  opposite  directions  with  velocities 
^+  and  U_  under  an  eleotrio  force  X,  the  two  streams  are 
deflected  in  the  same  direction,  but  the  positive  ions  are 
dfedected  less  than  the  negative  ions  when  U^  is  less  than 
l/^.  The  ions  thus  become  separated  and  an  electrostatic 
{tree  Z  is  produced  (in  a  direction  at  right  angles  to  the 
directions  of  X  and  if),  which  tends  to  diminish  the 
dbllection  of  the  negative  ions  and  to  increase  the  deflection 
of  the  positive  ions.  The  two  streams,  in  fact,  tend  to 
keep  together  owing  to  the  mutual  attraction  of  the  positive 
ahd  negative  charges.  The  force  Z  may  be  observed  by 
{llacing  two  insulated  wires  in  the  same  section  of  the 
discharge  so  that  thej  both  assume  the  same  potential  when 
tne  magnetic  force  is  zero.  When  a  transverse  magnetic 
fbrce  is  applied  to  the  conducting  gas,  the  two  wires  assume 
different  potentials,  the  sign  indicating  that  the  negative 
ibns  move  faster  than  the  positive  ions. 

The  potential  difference  between  the  wires  was  found  to 
be  independent  of  the  current  and  inversely  proportional 
tb  the  pressure.  The  following  are  the  values  of  the  force 
Jl  in  volte  per  centimetre,  obtained  from  observations  of 
the  Hall  effect  in  the  positive  columns  in  air,  oxygen,  and 
hydrogen  r 

Air        .        .        .        .      Z  =  .0248  X  —• 
P 

Oxygen  .         .         .      Z  =  -0379  x  —  ■ 

Hydrogen      .        .        .      Z  =  0205  x  —  ■ 
P 

It  is  difficult  to  arrive  at  an  accurate  estimate  of  the 

Velocity  of  the  electrons  &om  these  observations,  as  no  satis- 

factory  theory  has  been  given  to  account  for  the  properties 

of  the  current  in  the  uniform  positive  column. 

B  e  2 

U.,r,l,z<»i.vG00gIe 


420  DISCHARGE  TUBES 

286.  Tariation  of  the  temperatnre  of  the  gas  in  a  disoharge 
tube :  Wood'8  experiments.  When  a  current  passes  through 
a  gas,  a  large  proportion  of  the  kinetic  energy  acquired  bj 
the  ions  under  the  electric  force  is  transferred  to  the  mole- 
cules of  the  gas  and  appears  as  heat,  which  is  shown  by  the 
rise  in  temperature  along  the  path  of  the  discharge. 

Under  ordinary  conditions  the  principal  effect  of  the 
increase  of  temperature  is  dae  to  the  diminution  of  the 
density  of  the  gas,  and  the  temperature  is  not  sufficiently 
high  to  cause  the  glows  that  appear  in  discharge  tubes  or  to 
account  for  the  chemically  active  state  of  the  gas.  If  the 
discharge  tube  is  connected  with  other  vessels,  or  if  there 
are  spaces  in  an  exhausted  vessel  which  are  not  traversed 
by  the  current,  some  of  the  gas  is  expelled  from  the  path 
of  the  discharge,  and  the  general  effect  is  similar  to  that 
obtained  by  a  reduction  of  pressure ;  that  is,  at  the  higher 
pressures  the  resistance  of  the  gas  is  diminished,  and  at  the 
lower  pressures  it  is  increased  bjan  increase  of  the  current. 
If  the  current  passed  between  two  plane  electrodes  at  the 
ends  of  a  sealed  tube,  an  increase  of  temperature  has  a  smaller 
effect,  which  corresponds  to  a  diminution  of  the  density  at 
the  hotter  parts  of  the  tube  and  an  increase  of  density 
where  the  temperature  is  not  so  high. 

Several  determinations  of  the  distribution  of  temperature 
in  discharge  tubes  have  been  made  by  inserting  thermo- 
meters at  various  distances  from  the  electrodes,  but  probably 
the  most  accurate  observations  are  those  made  by  Wood,* 
who  used  a  bolometer  of  fine  platinum  wire.  In  these 
experiments  the  spiral  of  wire  was  fixed  in  a  movable 
frame,  and  the  distribution  of  temperature  in  a  Geissler 
discharge  was  observed  by  placing  the  wire  at  various 
distances  from  one  of  the  electrodes. 

The  lowest  temperature  observed  was  in  the  Faraday  dark 
space,  and  the  highest  was  in  the  negative  glow  near  the 
negative  electrode.  The  following  numbers,  obtained  with 
a  tube  18  centimetres  long  and  1-5  centimetres  in  diameter, 

•  B.  W.  Wood,  Wied.  Add.  68,  p.  2S8,  1896. 
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give  the  distribution  of  the  temperature  in  a  discharge 
through  nitrogen  at  1-5  mm.  pressure,  the  oorreut  being 
•001  ampere  and  the  temperature  of  the  room  26"  C. 

In  the  positive  colamn,  at  one  centimetre  from  the 
electrode  the  temperature  was  37°,  at  G  centimetres  from 
the  electrode  38-5°,  and  at  12-5  centimetres  37°;  in  the 
Faraday  dark  space  the  temperature  fell  and  attained  a 
minimum  34°  at  a  distance  H-5  centimetres  Irom  the 
positive  electrode. 

In  the  nniform  positive  column  the  temperature  is  nearly 
constant,  hut  when  the  pressure  is  reduced  and  the  column 
becomes  striated,  the  general  rise  of  temperature  is  accom- 
panied by  local  rises  coinciding  with  the  striations,  the 
temperature  being  from  -5°  to  1-5°  higher  in  the  luminous 
sections  than  in  the  intermediate  dark  spaces.  The  varia- 
tion of  temperature  observed  in  passing  from  the  positive 
column  to  the  Faraday  dark  space  is  similar  to  the  change 
in  the  potential  gradient,  and  shows  that  the  amount  of 
heat  generated  in  those  sections  of  the  gas  is  approximately 
proportional  to  the  potential  gradient.  In  the  negative 
glow,  however,  the  potential  gradient  is  small  and  the 
temperature  very  high,  which  is  due  either  to  conductivity 
of  heat  from  the  Crookes  dark  space,  or  to  electrons  that 
acquire  a  high  velooity  in  the  Crookes  dark  epaoa  and  lose 
their  energy  by  colliding  with  molecules  in  the  negative 
glow.  Also,  the  glow  in  the  gas  shows  that  the  molecules 
are  set  in  vibration  by  particles  travelling  with  a  high 
velocity. 

2S7.  Rise  of  temperature  in  the  positive  column.  Wood 
also  determined  the  rise  of  temperature  in  the  unstriated 
'  positive  column,  for  different  pressures  and  currents.  When 
the  pressure  is  constant,  the  rise  of  temperature  6  is 
approximately  proportional  to  the  current  i,  the  ratio  9/i 
tending  to  diminish  as  the  current  increases.  According 
to  the  theory  su^;ested  by  Warburg,  the  rise  of  tempera- 
ture in  the  positive  column  is  proportional  to  the  product 
iv  where  v  is  the  potential  gradient,  so  that  when  v  is 
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constant  e  is  proportional  to  i.  Tlie  force  in  the  positive 
column  diminishes  as  the  density  is  reduced,  as  is  seen  fron 
the  experiments  on  the  variation  of  v  with  the  pressure.  I: 
the  discharge  tube  is  conneoted  with  a  pump  or  pressure 
gauge  while  the  current  is  flowing,  some  of  the  gas  is  expelled 
from  the  tube  and  the  potential  gradient  diminishes,  so  thai 
the  ratio  9/1  diuinishes  as  the  current  increases.  When  the 
discharge  tube  was  disconnected  from  other  vessels  so  as  tc 
maintain  the  gas  at  a  constant  volume.  Wood  found  that  the 
ratio  Q/i  was  very  nearly  constant.  The  following  table 
gives  the  values  of  9,  obtained  under  these  latter  conditions, 
in  a  discharge  through  nitrogen  at  -3  millimetre  pressure, 
the  diameter  of  tube  being  1-5  centimetres: 


tf/.xlO-*         87  89  87  84  83  84 

The  ratio  tf/i  increases  with  the  pressure,  the  values  of  0 
obtained  with  a  current  -0015  ampere  in  nitrogen  being  as 
follows : 

p  -3         1-8         2  3 

6        13  21-7        23-3        31 

In  hydrogen  the  increase  of  temperature  was  about  one- 
tenth  that  observed  under  similar  conditions  in  nitrogen. 

2B6.  Warburg's  theoretioal  investigation  of  the  rise  of 
temperature.  According  to  the  theory  given  by  Warburg,* 
the  rise  of  temperature  may  be  calculated  on  the  hypothesis 
that  the  energy  acquired  by  the  ions  in  the  uniform  positivi? 
column  appears  as  heat  in  the  gas,  and  the  steady  state  is 
reached  when  the  energy  iv  is  equal  to  the  loss  of  lieat 
conducted  through  unit  length  of  the  glass  tube  per  second. 
The  rise  of  temperature  of  the  gas  in  a  tube  1>5  centimetres 
internal  diameter  and  1-7  centimetres  external  diameterwas 
calculated,  using  the  numbers  given  by  Uerz  for  the  potential 
gradient  v  in  the  positive  column,  the  outer  surface  of  the 
tube  being  supposed  to  be  at  the  temperature  of  the  room. 
The  highest  rise  of  temperature  6^  at  the  axis  of  the  tube 
•  E.  Warburg,  Wied.  Aon.  64,  p.  265,  1895. 
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13  aboat  double  the  mean  rise  0.  The  following  nnmbera, 
given  by  Warburg,  represent  the  reaulta  thua  obtained  for 
a  current -0012  ampere  in  dry  nitrogen,  ^  being  thepresaare 
of  the  gas  in  millimetres  of  mercury. 

NiTBOQEK,  i  =  0012  ampere. 

p      o        ".         i        . 

8  156 

5  107 

3  76 

2  55  21-6  110 

la  hydrogen  the  rise  of  temperature  is  smaller,  owing  to 
the  higher  conductivity  of  that  gas  and  the  small  potential 
gradient  v. 

Hydroqbh,  ^"'001  ampere.         ~ 


U7 


The  temperatures  found  by  Wood  are  in  good  agreement 
with  these  calculations. 

289.  Cathode  ia,ja.  The  phenomena  that  acoompany  tlie 
discharges  in  high  vacua  are  quite  different  from  those 
obtained  in  Geissler  tubes.  As  the  pressure  ia  reduced,  the 
cathode  glow  recedes  from  the  cathode,  and  the  luminous 
effect  produced  by  rays  traversing  the  gas  becomes  more 
distinct.  Eventually  the  cathode  glow  disappears,  and  the 
cathode  rays  impinge  on  the  surface  of  the  tube  with  a  high 
velocity,  a  green  fluorescence  appearing  on  the  surface 
of  the  glass;  also,  the  potential  required  to  start  the  discharge 
increases  as  the  pressure  is  reduced,  as  may  he  seen  by  the 
increase  of  the  length  of  the  equivalent  spark  in  air. 

Experiments  have  been  made  by  Villard  *  with  a  view  to 
finding  the  action  on  which  the  emission  of  the  cathode  rays 
depends,  and  he  concluded  tiiat  the  rays  are  emitted  irom 
the  points  of  the  cathode  on  which  the  positive  ions  impinge. 
At  other  points  of  the  surface  a  very  large  electric  force 
may  be  established,  but  no  electrons  are  emitted.  A  number 
•  P.  Villard,  Journal  de  Phjeique  (3)  8,  p.  1,  1899. 
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.of  different  experiments  may  bo  explained  on  these  hypo- 
theses. In  an  ordinary  cylindrical  tube,  with  a  plane  ciroular 
cathode  extending  to  within  a  short  distance  of  the  surface 
of  the  glass,  the  cathode  rays,  which  at  first  emanate  firom 
the  whole  electrode,  become  confined  to  an  area  at  the  centre 
of  the  electrode  as  the  pressure  is  reduced,  and  in  a  high 
vacuum  a  narrow  beam  of  rays,  coinciding  with  the  axis  of 
the  tube,  is  obtained.  This  effect  has  been  attributed  to  a 
positive  chajge  on  the  glass,  which  repels  the  positive  ions 
towards  the  centre  of  the  cathode.  This  tendency  of  insu- 
lated bodies  to  become  positively  charged  is  shown  by 
placing  an  auxiliary  electrode  in  front  of  the  cathode  and  at  a 
few  millimetres  from  it.  When  a  high  vacuum  is  obtained, 
corresponding  to  a  spark  length  of  7  or  8  centimetres,  the 
potential  difference  between  the  anode  and  the  auxiliary 
electrode  is  very  small,  corresponding  to  a  spaik  length  of 
a  few  millimetres,  while  the  potential  difference  between 
the  cathode  and  the  auxiliary  electrode  is  nearly  as  great  as 
the  total  fall  of  potential  between  the  cathode  and  anode. 

260.  TiUard*!  theory  of  tlie  action  of  pontive  ions  on  the 
cathode.  The  action  of  the  positive  ions  is  shown  more 
definitely  by  means  of  a  tube  constructed  as  shown  in 
figure  65.  The  cathode  (7  is  a  large  plane  disc  4-8  centi~ 
metres  in  diameter,  at  the  end  of  a  tube  6  centimetres  in 
diameter,  and  a  metal  diaphragm  D  of  the  same  diameter, 
with  two  small  apertures  a  and  h,  is  set  up  at  a  distance  of 
1>6  centimetres  from  the  cathode.  The  diaphragm  is  provided 
with  a  metallic  connection  d  sealed  in  the  glass.  A  movable 
electrode  E  is  placed  near  one  of  the  apertures,  and  may  be 
set  at  any  required  distance  from  the  aperture  a  by  tilting 
the  tube.  Two  additional  electrodes  A  and  .^'are  sealed  into 
short  side-tubes,  and  either  of  these  may  be  used  as  anode. 

If  the  tube  be  gradually  exhausted  {A  being  the  anode 
and  D  insulated),  then  so  long  as  the  dark  space  does  not 
extend  to  the  diaphragm  D  the  current  flows  from  the  whole 
surface  of  tiie  cathode.  As  the  dark  space  expands,  the 
negative  glow  disappears  from  the  space  tetween  0  and  D, 
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and  the  emission  from  the  oaihode  becomes  concentrated  at 
a'  and  h'  opposite  the  apertures  a  and  h.  Eventoally,  with 
a  high  vacuam,  two  narrow  luminous  beams  are  obtained 
passing  through  the  apertures,  and  the  rest  of  the  space 
between  G  and  D  is  nearly  dark.  The  two  beams  mark 
the  path  of  the  cathode  rays  through  the  gas,  and  a  bright 
green  fluorescence  is  produced  at  the  points  /  and  g  where 
the  rays  impinge  on  the  glass.  The  beams  are  deflected 
by  a  transverse  magnetic  force  in  a  direction  which  shows 
that  they  consist  of  negatively  charged  particles  travelling 
with  a  high  velocity. 


Figure  65. 

The  following  explanation  of  these  results  is  given  by 
Viltard.  In  the  early  stages,  before  the  cathode  glow  is  cut 
off  from  the  diaphragm,  the  positive  ions  generated  through- 
out the  space  between  C  and  D  impinge  on  the  cathode,  and 
electrons  are  emitted  uniformly  from  the  whole  surface.  As 
the  pressure  is  reduced  the  number  of  ions  generated  between 
C  and  D  diminishes  ;  but  some  of  the  positive  ions  generated 
in  the  gas  beyond  the  diaphragm  pass  through  the  apertures, 
and  a  large  nnmber  of  electrons  are  emitted  from  the  points 
opposite  the  apertures  on  which  the  positive  ions  impinge. 

The  experiments  show  that  a  large  electric  force  at  the 


426  DISCHARGE  TUBES 

sarface  is  not  the  only  condition  regalred  in  order  that 
electrons  shall  be  given  off  irom  the  sarface,  since  there  is 
a  Urge  force  at  all  points  of  C  when  the  cathode  rays  are 
developed  at  a' and  b'.  In&ct,  ifthe  diaphragm  be  connected 
to  the  anode,  the  form  of  the  discharge  remains  unaltered, 
but  is  less  marked.  In  this  case,  very  few  positive  iona  are 
directed  towards  the  apertures  a  and  b  by  the  small  forces  in 
the  field  below  the  diaphragm. 

If  the  electrode  E  be  moved  towards  the  aperture  a,  the 
discharge  takes  the  form  shown  in  figure  64,  ii,  where  E  is 
positively  charged.  It  is  convenient  in  these  experiments 
to  regulate  the  potential  of  the  electrode  E  by  means  of 
a  connector  to  the  tube  itself:  the  potential  may  be  raised 
in  steps  by  connecting  E  to  D,  to  A',  or  bo  A.  The  positive 
charge  repels  the  positive  ions  approaching  the  cathode  from 
a,  and  the  point  from  which  the  cathode  rays  start  is  repelled 
to  a'.  At  the  same  time  the  cathode  rays  are  attracted  by 
E  and  become  dispersed. 

291.  Theoretioal  investigation  of  the  omreats  between 
parallel  plates.  The  experimental  investigations  show  that 
the  discharges  in  rarefied  gases  are  very  complicated,  and 
even  if  all  the  electrical  properties  of  ions  corresponding  to 
every  force  and  pressure  were  known,  it  would  be  extremely 
difficult  to  give  an  accurate  theory  to  account  for  many  of 
the  observed  phenomena. 

The  simplest  method  of  arriving  at  an  explanation  of  some 
of  the  properties  of  discharges  is  to  consider  the  current 
obtained  between  parallel  plates.  The  investigations  may 
at  first  be  confined  to  the  smaller  currents  obtained  with 
pressures  above  the  critical  pressure,*  as  in  this  case  the  ions 
may  be  considered  to  be  generated  in  the  gas  by  the  coUisions 
of  positive  and  negative  ions  with  the  molecules.  "When  the 
current -is  large  the  phenomena  become  more  complicated  as 
the  gas  becomes  heated,  and  the  density  varies  along  the 
path  of  the  current   At  the  lower  jressures,  other  processes 

*  The  critical  premare,  correBponding  to  the  mintmum  iparkjng 
potential,  is  inversely  proportioiial  to  the  spark  length  S.  In  air,  the 
critical  pressure  in  mitlimetres  of  mcrcucj  is  -65/5  approximately. 
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of  ionization  increase  iu  importance,  and  in  addition  to  the 
ions  generated  by  collisions  with  molecules  of  the  gas, 
cathode  rays  are  emitted  from  the  negative  electrode,  and 
radiationa  which  ionize  the  gas  are  produced  inside  the 
tube. 

392.  CompariBon  of  the  sparking  potential  with  the 
potential  required  to  maintain  a  dieoharge.  A  remarkable 
property  of  the  discharge  is  observed  when  a  battery  o£ 
a  large  number  of  accumulators  is  connected  through  a  high 
resistance  to  a  pair  of  parallel-plate  electrodes.  It  is  found 
that  no  current  takes  place  until  the  potential  of  the  battery 
is  raised  to  a  certain  value  V,  which  is  the  sparking  potential, 
but  when  the  current  is  flowing  the  potential  difference  v 
between  the  electrodes  may  be  much  less  than  the  potential  V 
required  to  start  the  current.  The  following  experiment* 
affords  an  illustration  of  this  phenomenon,  the  gas  being 
air  at  4'31  millimetres  pressure  between  parallel  plates  at 
8  millimetres  aparL 

At  first  no  current  was  observed  when  a  potential  difference 
between  the  electrodes  was  601  volts,  but  a  spark  took  place 
when  the  potential  was  raised  to  603  volts.  A  current  of 
■0052  ampere  then  continued  to  flow,  and  the  potential 
difference  between  the  plates  fell  to  350  volts,  the  remainder 
of  the  battery  potential  being  taken  up  in  sending  the 
current  through  the  large  external  resistance.  In  this  case 
the  potential  required  to  maintain  the  current  was  253  volts 
less  than  the  potential  required  to  start  the  current. 

These  effects  are  obtained  when  the  pressure  exceeds  the 
critical  pressure  f  and  the  current  is  not  reduced  to  a  very 
small  value  by  a  high  external  resistance. 

In  the  discharges  from  points  and  wires,  a  small  current 
is  obtained  when  the  sparking  potential  is  reached,  and  in 
order  to  increase  the  current  it  is  necessary  to  increase  the 
potential.       A  theory  to  account  for  this  increase  of  the 

'  Phil.  Mag.  (6)  8,  p.  750,  1904. 

■t  In  diBcharges  flt  preuurea  below  the  critical  prexsureB,  the  potential 
p  required  to  maintain  a  current  exceeds  the  spark  potential  and 
increawH  as  the  current  increaeea.  J.  A.  Brown,  Phil.  Mag.  (6)  12,  p.  210, 
1906. 
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potential  with  the  current  has  been  givea  in  the  preceding 
chapter,*  but  it  does  not  apply  to  discharges  in  which  the 
ionization  takes  place  in  the  whole  space  between  the 
electrodes.  In  the  former  caaes  a  large  charge,  which  may 
be  either  positive  or  negative,  accumulates  in  those  parts  of 
the  gas  where  the  electric  force  is  small,  and  tends  to  reduce 
the  electric  force  in  the  region  iu  which  ionization  takes 
place.  In  the  latter  cases  the  negative  ions  are  in  the 
electronic  state  along  the  whole  length  of  the  discharge,  and 
the  principal  disturbance  of  the  field  is  due  to  the  aocnmala- 
tion  of  the  slowly  moving  positive  ions. 

288.  Conditions  for  the  maintenance  of  a  oorrent  by  iona 
generated  by  oollisiona.  The  difference  between  the  poten- 
tial required  to  start  a  current  in  a  uniform  field  and  the 
potential  required  to  maintain  it  may  be  explained  by 
considering  the  relation  connecting  the  value  of  a_  and  /J 
along  the  line  of  a  discharge,  which  expresses  the  condition 
that  a  sufficient  number  of  ions  are  generated  by  collisions 
to  maintain  the  current. -f- 

Let  u  be  the  velocity  of  the  electrons,  n^  the  number 
per  cubic  centimetre  of  the  gas,  v  and  ti^  the  corresponding 
quantities  for  the  positive  ions.  When  a  current  is  passing 
through  the  gas,  the  positive  ions  and  the  electrons  are 
distributed  unequally  in  the  space  between  the  electrodes, 
and  this  gives  rise  to  a  charge  in  the  gas  which  disturbs 
the  uniformity  of  the  electric  field  between  the  plates.  The 
force  X  at  any  point  varies  with  the  distance  x  from  the 
negative  electrode,  so  that  u  and  v  are  not  constant.  Simi- 
larly, the  quantities  a  and  ^  vary  from  point  to  point  in  the 
gas.  Since  the  velocities  u  and  v  are  large,  the  rate  of 
recombination  dn^Tt^  may  be  neglected  in  comparison  with 
the  rate  at  which  ions  are  generated  an^  u  +  ^n^VfWhen  the 
currents  are  not  very  large.  In  the  steady  state  Wi  and  n^ 
are  constant  with  respect  to  the  time  and  the  equations 
of  continuity  become 

•  See  Section  257. 

t  Phi).  Hag.  (6)  9,  p.  289,  1905;  (6)  11,  p.  729,  1906. 
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Bat  n,  V  +  »!  V  =  c,  ce  being  the  current  per  Quit  area  of 
the  electrodes,  which  ia  a  constant,  and  on  substituting  for 
7^,■u.  the  value  c—n^v,  the  following  equation  for  n^v  is 
obtained : 

•ttgv  =  BZ(x)-cZ{x)  \'z{x)-^adx, 

where  Z  (x)  represents  the  integral  e  J"  ^  ~       . 

Since  all  the  iona  are  generated  in  the  gas,  the  following 
conditions  are  obtained  at  the  electrodes. 

At  the  negative  electrode  x  =  0,  ti,  =  0,  since  there  are 
no  ions  coming  from  the  electroda  Similarly,  at  the  positive 
electrode  x  =  S,  n^  =  0.    These  conditions  give  B  =■  c  and 

1  =  [   Z{xy^(xdx. 
Hence  the  equation 

o«  J"  ax  =  i 

represents  the  condition  which  mnst  be  satisfied  by  the 
values  of  a  and  fi  along  the  path  of  the  discharge  in  order 
that  a  continuous  current  may  be  maintained.  This  may 
also  be  shown  to  apply  to  a  discharge  between  conductoi^ 
of  any  shape. 

When  the  current  is  very  small,  so  that  the  charge  in 
the  gas  may  be  neglected,  the  field  of  force  between  the 
plates  is  uniform,  and  or  and  ji  are  constant.  In  this  case 
the  above  relation  reduces  to 


This  is  the  equation  that  determines  the  spark  length 
when  a  and  /3  are  known,  and  the  investigation  shows  that 
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the  sparking  potential  may  be  defined  as  the  potential  which  - 
is  required  to  maintain  a  very  smalt  current. 

ae4.  DlstribotiOD  of  ions  in  a  oturrent  In  order  to  ^ 
determine  the  effect  of  the  increase  of  current  on  the 
potential,  it  is  necessary  to  consider  how  the  force  between 
the  plates  is  affected  by  the  separation  of  the  positive  ions 
from  the  electrons.  The  velocity  of  the  positive  ions  is 
small  compared  with  that  of  the  electrons,  so  that  there 
is  a  greater  number  of  positive  than  negative  ions  in  the 
gas  at  any  time.  This  excess  of  positive  electricity  causes 
an  appreciable  disturbance  in  the  uniformity  of  the  field 
as  the  current  rises,  and  since  all  the  positive  ions  most 
pass  through  the  gas  at  the  negative  electrode  the  positive 
charge  is  greatest  in  the  neighbourhood  of  that  electrode. 
The  effect  of  this  charge  is  to  increase  the  force  near  the 
negative  electrode  and  to  diminish  it  in  other  parts  of 
the  field. 

When  the  current  is  small  and  the  force  is  approximately 
uniform,  the  distribution  to,  of  electrons  is  given  hy  the 
equation  ^a        ,      „ 

^  ^n  =  _£^  (/«-«)'_  I). 

A  similar  expression  is  obtained  for  the  product  n^v,  and 
the  ratio  n^v/itjU  becomes 


The  values  of  this  ratio  for  a  given  force  and  pressure 
may  be  calculated  from  the  values  found  for  a  and  ^  and 
it  may  be  seen  that  n^v  exceeds  n^u  for  the  greater  part  of 
the  discharge.  Hence,  since  v  is  less  than  u,  the  number 
of  positive  ions  exceeds  the  number  of  electrons  except  at 
points  in  a  layer  of  a  gas  near  the  positive  electrode  where 
the  negative  charge  is  not  very  large. 

As  an  example,  the  currents  in  hydrogen  at  9-27  milli- 
metres pressure  between  plates  8  millimetres  apart  may  be 
considered.*   In  this  case  the  sparking  potential  is  487  volts 


*  See  Section  226. 
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and  tile  valaea  of  a  and  0  are  6.03  and  -05  respectively. 
The  values  of  the  ratio  %v/n^it  for  different  distances  x 
from  the  negative  electrode  are  as  follows: 


Since  v  is  less  than  u,  the  second  line  of  figures  shows 
that  the  positive  charge  n^e  exceeds  the  negative  charge 
ib^e  for  most  of  the  distajice  between  the  plates.  Near 
the  negative  electrode,  where  n^  is  small  compared  with  n^, 
the  positive  charge  is  proportional  to  the  numbers  in  the 
last  line,  which  represents  the  ratio 

7IjV/(tIi«.  +  n^v)  =  en^v/i, 
i  being  the  current  per  square  centimetre  of  the  electrodes. 

206.  Efibot  of  eonoentration  of  the  force  near  the  negative 
eleotrode.  Hence  there  is  a  positive  charge  in  the  gas 
which  tends  to  concentrate  the  force  near  the  negative 
electrode,  and  as  the  current  rises  the  uniformity  of  the 
field  is  disturbed.  The  variation  of  the  force,  given  by  the 
equation 

dX/dx  =  4we  (»!  — Tij), 

depends  on  the  velocities  of  the  ions  and  the  electrons,  so 
that  a  complete  investigation  becomes  diflicult  and  the  field 
of  force  can  only  be  represented  by  a  complicated  formula. 

The  decrease  in  the  potential  difference  between  the 
electrodes  which  accompanies  the  rise  in  the  current  may, 
however,  be  shown  by  an  approximate  method.  It  is  due 
to  the  concentration  of  the  force  near  the  negative  elec- 
trode ;  and  this  effect  may  be  investigated  by  considering 
a  field  made  up  of  two  parts,  in  each  of  which  the  force 
is  constant,  the  value  of  the  constant  being  greater  in  the 
part  near  the  negative  electrode. 

Let  a.  and  ^  have  the  values  Oj  and  0^  corresponding  to 
the  force  X^  in  the  layer  of  gas  of  thickness  a  near  the 
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cathode,  and  the  valnes  a,  and  0^  corresponding  to  a  force 
Xj  in  the  remainder  of  the  field  of  thichnesa  ft. 

Negative    I  -«— o  — •  I  ■*— ft  — •■  j       Positive 
electrode       a,,  /9j      otf  ^v        electrode 
x=0       I      Xj      I      Xj      lx  =  8  =  a  +  b 

In  this  case  the  condition  for  the  maintenance  of  the 
current  between  the  plates  becomes 

In  order  to  apply  this  formula  to  a  definite  case,  let  the 
gaa  between  the  plates  be  hydrogen  at  10  millimetres 
pressure,  and  let  the  force  be  80  volts  per  millimetre  in 
a  layer  extending  to  a  distance  of  2  millimetres  from  the 
negative  electrode  and  50  volts  per  millimetre  in  the  rest  of 
the  field.  The  values  of  a^,  ff^,  a,,  fi^  as  obtained  from  the 
curves  giving  a/p  and  fi/p  in  terms  of  X/p  are  as 
follows : 

a,  =  lO-O,    ^,  =  -081,    a^  =  3-6;  ^g  =  -021, 

so  that  the  distance  6  may  he  found  from  tiie  above  equa- 
tion, a  being  given  equal  to  •2.  The  value  of  b  thos  obtained 
is  -8  centimetre,  and  hence  the  total  fall  of  potential 
between  the  electrodes  is  80x2  +  50x8  =  560  volts,  which 
is  about  20  volts  less  than  the  sparking  potential  in  hydro- 
gen at  10  millimetres  pressure  between  plates  one  centi- 
metre apart. 

Larger  differences  between  the  potentials  are  obtained  I 
when  further  increases  are  made  in  the  force  near  the 
cathode.  Thus  if  X*  =  200  volts  per  millimetre  in  a  layer 
one  millimetre  thick  at  the  negative  electrode  (a  =  •!),  and 
A'j  =  40  volts  per  millimetre  in  the  rest  of  the  field,  a  similar 
calculation  shows  that  a  continuous  current  vill  be  main- 
tained between  the  electrodes  if  b  =  3-25  millimetres,  so 
that  the  fall  of  potential  between  the  electrodes  is  330  volts. 
This  potential  is  66  volts  less  than  the  sparking  potential 
corresponding  to  the  distance  4-25  millimetres  between  the 
plates. 
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Hence  the  potential  required  to  maintain  a  current  in 
the  gas  diminishes  as  the  current  increases,  owing  to  the 
increase  in  the  force  near  the  negative  electrode. 

296.  Simjde  experiments  OQ  the  conoentration  of  tiie  fbroe. 
The  following  experiments  with  rarefied  air  confirm  the 
theory  on  which  the  explanation  is  based.  Instead  of 
depending  on  the  charge  on  the  positive  ions  to  intensify 
the  field  near  the  negative  electrode,  a  gauze  of  fine  wires 
may  be  used  to  increase  the  force. 

The  rise  of  temperature  due  to  the  current,  which  also 
improves  the  conductivity  at  these  pressures  by  reducing 
the  density  of  the  gas,  is  thus  eliminated. 


Figure  66. 
Two  electrodes  A  and  B,  figure  66,  were  set  up  in  a  glass 
tube  and  a  grating  of  fine  wire  0  was  placed  near  the  nega- 
tive electrode,  the  connection  to  the  grating  being  made  by 
a  wire  sealed  in  a  side-tube.  A  potential  difference  V  was 
established  between  the  negative  electrode  and  the  grating, 
and  the  sparking  potential  was  found  by  increasing  the 
potential  difference  F  between  A  and  B  until  a  discharge 
took  place.  The  sparking  potential  was  found  to  depend 
on  the  potential  of  the  grating.  The  following  table  gives 
the  values  of  V  required  to  produce  a  discharge  between  the 
plates  when  the  gauze  was  raised  to  the  potential  V : 


100 
700 


150 


210 


240 
550 
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Thus  the  sparking  potential  hetweeu  A  and  B  wa^ 
lowered  by  150  volts  by  concentrating  the  force  near  thrf 
cathode. 

This  accounts  for  the  principal  characteriatio  of  a  sparlk 
passing  between  two  large  conductor&  The  conductivity 
improves  as  the  current  rises  and  the  potential  differenctf 
between  the  conductors  after  a  spark  has  passed  is  reduced 
to  a  small  fraction  of  the  sparking  potential. 

2B7.  Effbot  of  the  oathode  fall  of  potential  in  a  Qoisslef 
diBcIiarge.  The  theory  which  has  been  explained  in  th^ 
preceding  sections  may  also  be  applied  to  the  phenomena 
that  occur  near  the  negative  electrode  in  discharge  tabes. 

It  may  be  seen  that  as  the  current  between  two  parallel 
plates  continues  to  increase,  a  point  is  reached  when  nd 
further  reduction  can  be  obtained  in  the  potential  v.  Lei: 
a  be  the  distance  between  the  plates  corresponding  to  the 
minimum  sparking  potential  V  when  the  pressure  is  p.  In 
the  discharge  between  parallel  plates  at  a  distance  apart  S 
greater  than  a,  the  potential  at  some  point  at  a  distance  y 
from  the  negative  electrode  will  exceed  that  of  the  electrode 
by  the  potential  V.  As  before,  in  order  to  simplify  the 
investigation,  let  the  force  have  the  constant  value  V'/y  in 
the  layer  near  the  cathode  and  {v—V')/{S-y)  in  the 
remainder  of  the  gas.  As  the  current  increases,  the  force 
becomes  concentrated  near  the  cathode,  so  that  y  diminishes 
and  approaches  the  value  a.  When  y  becomes  equal  to  a 
the  quantity  aj  — /3,£('''i~^i)''  vanishes  and  a  suflicient 
number  of  ions  are  generated  in  this  layer  to  maintain  the 
current.  This  stage  corresponds  to  the  case  in  which  the 
normal  fall  of  potential  is  established.  A  farther  increase 
of  the  current  tends  to  narrow  the  layer  y  in  which  the 
ions  are  generated,  but  the  fall  of  potential  required  to 
maintain  a  current  in  a  layer  narrower  than  a  is  greater 
than  V\  so  that  the  potential  v  required  to  maintain  the 
current  tends  to  increase  as  the  current  exceeds  a  certain 
value, 

298.   Currents  obtained  between  parallel  plates.     These 
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resnlta  may  be  compared  with  the  properties  of  discharges 
between  par&llel  plates  when  the  current  is  maintained  by 
a  battery  connected  to  the  electrodes  through  a  resistance. 
In  general  there  are  two  distinct  forms  which  the  discharge 
may  assume  when  the  resistance  R  is  large  and  the  potential 
of  the  battery  exceeds  the  q)arking  potential. 

In  the  first  type  of  discharge  the  current  fills  the  space 
between  the  plates,  and  the  potential  difference  v,  between 
the  electrodes  is  not  much  less  than  the  sparking  potential  V. 
Also  the  current  i  per  nnit  area  of  the  plates  has  a  small 
value,  i  =  (E—  Vj)  fRA  {E  being  the  potential  of  the  battery 
and  A  the  area  of  the  plates),  and  the  field  offeree  between 
the  plates  is  only  slightly  disturbed. 

When  R  is  diminished  v■^  diminishes,  and  as  the  current  ' 
increases  the  force  becomes  cxincentrated  near  the  negative 
electrode,  and  eventually  the  normal  cathode  fall  of  potential 
is  obtained. 

The  other  type  of  discharge  consists  of  a  larger  current, 
and  the  discharge  as  shown  by  a  narrow  luminous  column 
is  confined  to  a  small  area  B  of  the  plates.  The  potential 
difference  between  the  electrodes  r^  is  much  less  than  Vj,  and 
the  current  density  (E—v^/RB  in  the  discharge  is  com- 
paratively large.  In  this  case  the  normal  fall  of  potential 
is  developed  in  the  narrow  luminous  column,  and  as  R 
diminishes  v,  remains  approximately  constant,  but  the  sec- 
tion of  the  current  increases  and  eventually  the  discharge 
fills  the  whole  space  between  the  plates. 

The  stability  of  these  discharges  depends  on  the  value 
ofR  i  with  the  smaller  resistances,  the  discharge  is  usually 
of  the  second  type  and  represents  what  takes  place  in  a  dis* 
charge  tube  nnder  ordinary  conditions  before  the  cathode 
glow  covers  the  whole  electrode. 

As  the  resistance  increases,  the  section  of  the  current  con- 
tracts and  a  point  is  reached  when  the  width  of  the  section 
becomes  comparable  with  the  length  of  the  cathode  dark 
apace.  The  charge  in  the  gas  is  then  insufficient  to  main- 
tain the  cathode  fall  at  its  normal  value,  and  the  potential 
required  to  maintain  the  dischai^  increases.  Thus  the 
9  f  2. 
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curreat  may  be  stopped  completely  by  increasing  the  resisb- 
auce  auless  the  potential  of  the  battery  is  as  great  as  the 
sparking  potential. 

299.  Efibot  of  the  nature  of  the  eleotrode  on  the  oathodo 
&U  of  potential.  The  above  theory  also  applies  to  the 
phenomena  that  take  place  in  the  neighbourhood  of  a  plane 
cathode  in  a  discharge  tube,  when  the  distance  of  the  nega- 
tive glow  from  the  electrode  is  small  compared  with  the 
linear  dimensions  of  the  electrode  and  the  number  of  ions 
that  come  into  contact  with  the  surface  of  the  tube  may  be 
neglected. 

It  is  thus  possible  to  account  for  the  development  of  the 
normal  cathode  fall  of  potential,  which  in  ordinary  cases  is 
nearly  the  same  as  the  minimum  sparicing  potential,*  but  it 
would  obviously  be  impossible  to  obtain  a  complete  explana- 
tion of  these  phenomena  without  taking  into  consideration 
the  rise  of  temperature  of  the  gas  and  the  distribution  of  the 
force  between  the  Faraday  dark  space  and  the  negative 
electrode.  Also,  in  a  complete  theory  it  would  be  necessary 
to  estimate  the  effect  of  electrons  set  free  from  the  cathode 
as  well  as  those  generated  from  molecules  of  the  gas,  since 
the  cathode  fall  of  potential  depends  on  the  nature  of  the 
cathode,  being  much  less  with  alkali  metals  than  with  the 
metals  of  which  electrodes  are  usually  made. 

With  the  alkali  metals,  large  numbers  of  electrons  are  set 
free  from  the  surface  by  the  action  of  light  when  under 
similar  conditions  no  effect  is  obtained  with  zinc  or  alu- 
minium electrodes.  It  is  possible  that,  with  alkali  cathodes, 
electrons  are  set  free  by  the  impacts  of  positive  ions 
travelling  with  velocities  much  smaller  than  those  required 
to  set  free  electrons  from  other  metals  or  from  molecules  of 
the  gas.  Under  these  conditions  a  sufficient  number  of  ions 
to  maintain  a  current  would  be  obtained  with  a  smaller 
cathode  fall  of  potential  than  is  required  in  those  cases  in 
which  a  small  proportion  of  the  electrons  is  supplied  by 
the  surface  of  the  cathode.    Hittorf  observed  a  similar  effect 

*  See  Section  297. 
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"with  cathodes  raised  to  a  high  temperature,  the  cathode  fall 
being  reduced  to  a  very  small  value.  This  is  no  doubt  due 
to  the  fact  that  electrons  emitted  by  the  cathode  contribute 
largely  to  the  current. 

Since  the  force  is  greatest  at  the  surface  oi  the  negative 
electrode  when  the  normal  cathode  fall  of  potentifU  is 
established,  the  velocity  with  which  the  positive  ions  collide 
■with  the  negative  electrode  is  greater  than  the  velocily  with 
■which  they  collide  with  molecules  of  the  gas,  and  also 
greater  than  the  velocity  of  the  positive  ions  when  a  dis- 
charge in  a  uniform  field  is  produced  with  the  minimum 
sparking  potential. 

The  effect  of  electrons  set  free  from  the  electrode  would 
be  greater  in  the  former  case,  and  for  this  reason  the  cathode 
fall  of  potential  may  depend  on  the  nature  of  the  electrode, 
while  the  minimum  sparkiug  potential  is  practically  inde- 
pendent of  the  electrodes  when  ordinary  metals  such  as 
copper  and  zinc  are  used.  These  considerations  show  that 
at  very  low  pressures,  when  sparking  is  obtained  with  high 
potentials,  and  the  electrons  liberated  from  the  surface  of 
the  cathode  by  the  impacts  of  the  positive  ions  contribute 
largely  to  the  current,  the  potentials  would  depend  on  the 
nature  of  the  electrode. 

The  various  determinations  of  the  cathode  fall  of  potential 
are  not  in  very  good  agreement;  but  the  order  of  the  forces 
involved  may  be  obtained  from  the  numbers  given  by  Aston 
ibr  a  current  of  10"*  ampfere  per  square  centimetre.  "With 
aluminium  plates  the  cathode  fall  of  potential  in  hydrogen 
is  266  volts,  and  the  dark  space  one  centimetre  wide  at 
a  pressure  of -46  millimetre  of  mercury.  The  force  in  the 
dark  space  is  proportional  to  the  distance  from  the  cathode 
glow,  so  that  at  the  negative  electrode  the  force  is  532  volts 
per  centimetre.  With  the  same  pressure,  -46  millimetre, 
the  minimum  sparking  potential  for  parallel  plates  (which 
is  about  275  volts)  is  obtained  when  the  distance  between 
the  plates  Is  between  2-6  and  3  centimetres, so  that  the  force 
in  the  space  between  the  plates  would  then  be  of  the  order 
of  1 00  voltfi  per  centimetre. 

DiailizodbvGoOgle 
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300.  Coirent  in  the  poeitive  oolnmn.  The  supply  of  ions 
necessary  for  a  coutmuous  ourrent  in  a  discharge  tube  is 
maintained  by  the  ionization  that  takes  place  at  the  cathode 
end  of  the  tube,  and  the  phenomena  that  take  place  in  the 
rest  of  the  tube  may  be  treated  aa  if  a  stream  of  electrons  is 
supplied  to  the  gas  at  a  certain  point  P  which  may  be  con- 
sidered to  be  at  the  end  of  the  positive  column  or  at  a  short 
distance  irom  it  in  the  Faraday  dark  ^ace. 

The  effeot  produced  by  inserting  an  electrode  at  i*  so  as 
to  divide  the  tnbe  into  two  sections  shows  that  the  stream 
of  positive  ions  entering  the  Faraday  dark  space  is  small 
compared  with  the  total  current,  and  the  conductivity  at 
the  cathode  end  of  the  tube  is  not  appreciably  affected  by 
cutting  off  the  positive  stream. 

In  the  original  discharge  between  the  two  electrodes  A 
and  B,  let  F^  be  the  potential  at  the  point  P,  the  potential 
of  the  negative  electrode  A  being  zero,  and  that  of  the  posi- 
tive electrode  B  being  V.  If  the  electrode  inserted  at  P  is 
maintained  at  the  potential  V^  by  a  batteiy  connection,  the 
current  will  flow  Irom  J.  to  P  as  before,  but  in  general  no 
current  will  flow  &om  P  to  B.  (In  air  at  one  millimetre 
pressure  the  force  in  the  positive  column  is  about  35  volts 
per  centimetre,  so  that  if  the  positive  column  is  less  than 
9  centimetres  long  the  potential  difference  V—  F,  would  be 
less  than  that  required  to  maintain  a  ourrent  under  any 
conditions.)  Since  positive  ions  are  not  given  off  iirom 
metals  at  ordinary  temperatures,  there  are  no  positive  ions 
entering  the  gas  at  P  in  the  discbarge  between  the  elec- 
trodes at  A  and  P;  it  follows  that  the  number  of  positive 
ions  crossing  the  section  at  P  in  the  original  discharge  is 
very  small 

The  conductivity  of  the  gas  in  the  positive  column  can- 
not be  investigated  by  the  same  method  as  in  the  space 
near  the  cathode,  by  comparing  the  phenomena  to  those 
obtained  between  parallel  plates,  where  the  sides  of  the 
vessel  have  no  effect  on  the  currents.  With  a  plane  cathode 
'  the  widths  of  the  dark  space  and  of  the  negative  glow  are 
small  compared  with  the  diameter  of  the  tube  or  of  the 
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cathode  when  the  pressure  is  sofBciently  large,  and  the  dark 
spa^e  and  the  glow  are  not  affected  by  the  length  of  the 
discharge  tube,  Bntwith  the  positive  column,  the  length 
of  the  column  may  be  much  greater  than  the  diameter 
of  the  tube,  and  the  force  is  the  same  at  all  sections 
-when  the  column  is  uniform.  This  effect  must  be  due  to 
the  charges  on  the  sides  of  the  tube  and  in  the  volume 
of  the  gas,  which  become  distributed  in  such  a  manner  as 
to  give  rise  to  an  electric  force  whose  component  parallel  to 
the  axis  is  constant. 

If  X  be  the  force  parallel  to  the  axis  of  the  tube,  and  R 
be  the  force  along  the  radius  arising  from  a  charge  in  the 
gas,  the  difference  between  the  numbers  of  positive  ions 
and  electrons  at  any  point  of  the  gas  is  given  by  the 
equation 

,      ,  ,       1  rf  .   dR.      dX 

801-  S  umber  of  ions  in  the  positiTe  ooltuun.  The  simplest 
case  is  that  of  the  uniform  positive  column  in  which  the 
force  X  is  constant.  If  it  be  assumed  that  R  ia  email,  the 
numbers  »i  and  m,  become  approximately  equal. 

For  a  first  approximation  n,  and  n^  may  be  taken  as 
being  equal,  in  order  to  find  the  order  of  the  quantity  n,. 
Since  the  electrons  move  with  a  velocity  which  is  large 
compared  with  that  of  the  positive  ions,  n^v  may  be  neglected 
in  comparison  with  n^u  and  the  current  i  per  square  centi- 
metre of  the  tube  becomes  i  =  e  n^u.  Taking  as  an  example 
the  case  of  a  current  I0~*  ampere  in  air  in  a  tube  2-1  centi- 
metres in  diameter,  the  force  X  is  35  volts  per  centimetre 
when  the  pressure  is  one  millimetre  of  mercury.  The 
velocity  of  the  electrons  in  dry  air,  when  X/p  =  85,  is 
1*3  X  lo'  centimetres  per  second,  which  gives  to,  =  l-S  x  10* 
(the  value  taken  for  e  being  4'6  x  10~'°  electrostatic  unit). 

The  number  of  positive  ions  is  approximately  equal  to 
the  number  of  electrons  throughout  the  volume  of  the  goa, 
except  at  the  ends  of  the  column.  In  the  Faraday  dark  space 
there  is  a  negative  chat^  in  the  gas,  as  is  shown  by  the 
variation  of  electric  &rce,  and  at  the  positive  electrode, 
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siDce  there  are  no  positive  ions  moving  from  the  electrode 
into  the  gas,  the  numher  of  electrons  mnBt  exceed  the 
nnmber  of  positive  ions.  Owing  to  the  negative  charge  iu 
the  gas,  the  force  at  points  near  the  positive  electrode  is 
greater  than  the  average  force  in  the  positive  coliunn,  and 
a  comparatively  large  number  of  molecules  are  ionized  near 
the  positive  electrode.  The  positive  ions  thus  produced 
move  into  the  gas  and  the  number  per  cubic  centimetre 
becomes  approximately  equal  to  %  at  a  short  distance  fix>m 
the  electrode. 

802.  General  theory  of  the  uniform  positive  column. 
Thus  up  to  a  certain  point  some  of  the  properties  of  the 
discharge  may  be  explained,  but  no  satisfactory  method  has 
been  given  of  calculating  the  value  of  the  force  X  from 
theoretical  considerations. 

The  chief  difficulty  arises  from  a  want  of  any  precise 
knowledge  as  to  what  takes  place  when  the  electrons  and 
positive  ions  come  into  contact  with  the  surface  of  the 
glass  tube. 

If  71,  represents  the  mean  value  of  the  number  of  electrons 
per  cubic  centimetre  of  the  gas  over  a  section  of  the  tube  at 
a  distance  x  from  the  positive  electrode,  the  equation  of 
continuity  when  the  steady  state  is  reached  becomes 

—  ;T-(«iU)  =  OTTtjU  +  JliF— tfTtjltg  — ■n,)S,, 

a.  being  the  number  of  molecules  ionized  by  an  electron  per 
centimetre  of  its  path,  $  n,  n^  the  rate  at  which  electrons 
disappear  by  recombination  with  positive  ions,  rt^S^  the  rate 
at  which  they  disappear  by  contact  with  the  sides.  Since  the 
force  is  small,  the  e£feot  of  positive  ions  in  generating  others 
by  collisions  may  be  neglected ;  but  if  ions  are  generated  by 
other  processes,  such  as  radiation  from  the  gas  or  from  the 
sides  of  the  tube,  it  is  necessary  to  include  them,  so  that  the 
term  n^  Y  is  added  to  represent  the  rate  at  which  electrons 
are  generated  by  such  processes. 

A  similar  equation  is  obtained  £rom  the  equation  of 
continuity  for  positive  ions 

DiailizodbvGoOgle 
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-T-(7i.jW)  =  otniU  +  n^Y-^On^n^—ngS^, 

the  first  three  terms  on  the  right  of  the  eqnstion  being  the 
same  as  before,  since  positive  ions  and  electrons  are  gene* 
rated  simultaneously  and  alao  disappear  together  when  they 
recombine.  The  laat  term,  n^S^  represents  the  rate  at  which 
positive  ions  are  lost  by  colliding  with  the  surface.  It  is 
different  in  form  from  the  term  n^S^  occurring  in  the  first 
equation,  but  the  two  terms  must  be  equal.  Since  the 
cnrrent  i  =  e  (v^u  +  n^v)  must  be  the  same  at  all  sections 
of  the  tube  when  the  steady  state  is  reached,  the  differential 
coeffioient  di/dx  must  vanish.  But  the  equations  of  con- 
tinuity give 


Hence  HjS,  =  n^S^. 

The  rates  at  which  positive  ions  and  electrons  are  lost  by 
colliding  with  the  surface  of  the  tube  must  therefore  be 
the  same  at  each  section  of  the  discharge.  Bat  the  rate  of 
diffosiou  of  the  electrons  is  much  greater  than  that  of  the 
positive  ions,  and  if  74  were  equal  to  n^  the  electrons  would 
probably  be  lost  more  rapidly  than  the  positive  ions,  unless 
they  rebound  from  the  surface.  In  order  that  the  ctirrent 
may  be  the  same  at  all  sections,  it  would  be  necessaiy  to 
suppose  that  there  is  a  positive  charge  in  the  gas  which 
repels  positive  ions  towards  the  surface.  Thus  the  number 
■Hj  is  probably  slightly  greater  than  11^. 

The  appearance  of  the  glow  and  the  conductivity  will  be 
the  same  at  each  section  of  the  tube  if  the  differential 
coefficients  dln^uf/dx  and  d(n^v)/dx  vanish,  and  the 
equations  of  continuity  then  reduce  to 

au+  Y—Oti^  —  Si  =  0. 
The  terms  of  this  equation  involve  the  force  X,  the 
pressure  of  the  gas  and  the  dimensions  of  the  tube,  bo  that  it 
is  possible  to  obtain  a  mathematical  equation  to  deter- 
mine X.    The  term  Y  may  alao  involve  the  current,  and 
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the  other  terms,  since  they  depend  on  th«  temperature  of 
the  gas,  are  affected  indirectly  by  the  current. 

The  term  On^  is  usually  very  amall,  and  the  effect  of 
recombination  in  discharges  at  low  pressures  may  as  a  rule 
be  neglected. 

Thus,  taking  as  an  example  the  positive  column  in  air  at 
one  millimetre  pressure  when  the  current  is  10~'  ampere  in 
a  tube  2-1  centimetres  ui  diameter,  the  number  of  electrons 
or  positive  ions  per  cubic  centimetre  as  found  above  is 
about  1*5  X  10^  According  to  Langevin's  investigations  the 
rate  of  recombination  of  positive  and  negative  ions  is 
proportional  to  the  pressure,  the  coefficient  d  at  atmospheric 
pressure  being  3200  e.  If  the  coe£Scient  of  recombination 
of  positive  ions  and  electrons  were  of  the  same  order  as  the 
coefficient  of  recombination  of  positive  and  negative  ions, 
then  $ni  in  the  above  aquation  would  be  of  the  order  -3, 
which  is  very  small  compared  with  au,  since  u  =  I-3x  10^ 
and  a  is  of  the  order  -01  when  JT  =  36  and  p  =  1.  (The 
value  of  a  corresponding  to  X/p  =  35  has  not  yet  been 
determined  accurately,  and  in  this  case  it  would  depend  on 
the  temperature,  since  the  density  diminishes  as  the  gas 
becomes  heated.) 

303.  H.  A.  Wilson's  investigation  of  the  uniform  positive 
column.  An  investigation  of  the  positive  column  has  been 
made  by  H.  A.  Wilson,*  who  has  adopted  the  hypothesis  that 
the  gas  is  ionized  by  a  radiation  arising  from  the  recombina- 
tion of  positive  and  negative  ions.  That  such  radiations  may 
exist  is  shown  by  the  researches  of  E.  "Wiedemann  f  and 
J.  J.  Thomson,  t  but  their  investigations  were  not  carried 
so  far  as  to  indicate  to  what  extent  the  ionization  in  the 
positive  column  may  be  due  to  this  effect. 

The  cases  considered  by  "Wilson  were  those  in  which 
the  currents  were  very  small  (of  the  order  10"*  ampere). 
The  loss  of  ions  by  diffusion  to  the  sides  was  not  taken  into 
account,  and  the  condition  for  uniformity  along  the  axis  was 

*  H.  A.  WilMD,  Pbil.  Mag.  m  6,  p.  180,  190S. 

f  £.  Wiedemaiui,  Zeitscbr.  f.  Electrochemie,  p.  159. 1895. 

J  J.  J.  TliotDioii,  Pioc.  Camb.  Fbil.  Soc.  10,  p.  74,  1899. 
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obtained  by  eqaating  the  loss  doe  to  recombination  to  the 
ionization  prodaced  by  radiation  and  tbe  collisions  of 
electrons  with  molectileB.  An  equation  of  the  same  type  as 
that  given  above  was  thus  obtained,  jS,  being  taken  as  zero. 
Wilson  found  it  necessary  to  assume  that  the  remaining 
three  terms  were  of  the  same  order  of  magnitude,  so  that  it 
is  possible  to  estimate  the  order  of  the  coefficient  of  recom- 
bination of  positive  ions  and  electrons  which  is  thus 
obtained.  Thus  in  sir  at  -66  millimetre  pressure  when  the 
force  is  54  volts  per  centimetre  in  the  positive  column  and 
the  carrent  is  3x  10""  ampere,  the  quantity  On^  is  of  the 
same  order  as  au.  In  this  case  a  =  -28,  u  =  2*4  x  10^  and 
the  current  7i,eu  =  9,  e  being  expressed  in  electrostatic 

unita     Hence  6  is  of  the  order =  1  -8  x  1 0"  x  c.     Since 

nue 

this  number  is  so  large  compared  with  4  x  e,  the  coefficient 

of  recombination  of  positive  and  negative  ions  in  air  at  one 

millimetre  pressure,  it    is  difficult  to  consider  that  the 

investigations  are   conclusive   while   the   results    remain 

unconfirmed  by  further  experimental  evidence. 

If  the  rate  of  recombination  of  positive  ions  and  electrons 

is  as  rapid  as  the  above  number  indicates,  the  quantity  fn, 

would  be  very  large  compared  with  ati  when  the  currents 

are  of  the  order  10~'  ampere,  and  in  order  to  supply  the  loss 

due  to  recombination  it  would  be  necessary  to  assume  that 

the  ionization  in  the  positive  column  is  of  an  order  very 

much  higher  than  that  obtained  by  collisions. 

304.  Thomson's  theory  of  the  uniform  positive  column. 
Another  theory  of  the  positive  column  has  been  given  by 
Thomson*  which  is  founded  on  a  principle  that  he  has 
introduced  in  his  description  of  the  theory  of  ionization  by 
collision  and  applied  to  various  oases  of  conductivity  in 
rarefied  gases.  The  feature  of  his  hypothesis,  which  is 
different  from  those  adopted  by  other  physicists,  is  that  the 
electrons  are  supposed  to  disappear  by  combining  with 

*  J.  J.  Thomson  'Conduction  of  Eloctricitf  through  Gasei',  1906 
editioD,  pp.  271,  274,  497,  602. 
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neutral  molecules  of  the  gas.  The  loss  of  electrons  by  fchis 
process  is  considered  to  be  much  greater  than  the  loss  br 
recombination  with  positive  ions,  the  latter  efiect  being 
neglected  in  the  investigations  of  currents  at  low  pressures. 
An  electron  which  has  combined  with  a  neutral  molecnle  is 
treated  as  if  it  ceases  to  act  as  on  ionizing  agent,  and  also  it 
ceases  to  be  available  for  carrying  the  current. 

The  effects  taking  place  in  the  positive  column  are 
obtained  by  an  adaptation  of  the  method  applied  to  the 
currents  between  parallel  plates  when  ultra-violet  light 
falls  on  the  negative  electrode.  In  the  positive  column  of 
a  discharge  tube,  electrons  are  supplied  from  the  IViradaj 
dark  space  and  a  certain  proportion  are-  iMt  by  difiusion  to 
the  sides  of  the  tube,  but  with  parallel  plates  there  is  no 
loss  by  diffusion,  so  that  the  conditions  are  simpler.  In  the 
latter  case,  when  the  force  is  small,  ionization  by  the  collisions 
of  positive  iona  may  be  neglected,  and  the  equation  of  con- 
tinuity for  the  electrons  when  the  steady  state  is  established 


n  being  the  number  of  electrons  per  cubic  centimetre,  «  the 
velocity  in  the  direction  of  the  electric  force,  nuA  the 
number  of  electrons  generated  per  cubic  centimetre  per 
second  in  the  gas,  and  nuB  the  number  of  electrons  that 
disappear  per  cubic  centimetre  per  second  by  combining 
with  neutral  molecules. 
The  above  equation  gives 

U-B)X 

nu  =  n„U€  , 

■ntte  being  the  quantity  of  negative  electricity  passing  in 
unit  time  through  unit  area  of  a  plane  at  right  angles  to 
the  force,  at  a  distance  x  from  the  origin  '  and  can  be 
measured  by  a  metal  plate  at  this  distance  connecting  it 
with  an  electrometer  and  measuring  by  means  of  this 
instrument  the  rate  at  which  negative  electricity  is  reaching 
the  plate '. 
One  objection  to  this  formula  is  that  when  A  is  less 
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tlian  B  {A  varies  with  the  force  and  B  is  apparently 
independent  of  the  force,  so  that  with  some  forces  A  is  less 
than  S)  the  charge  acquired  per  second  by  the  electrometer 
diminishes  with  the  distance  x  when  the  supply  noV  at  the 
origin  x=  0  Ib  constant  There  is  no  experimental  evidence 
in  support  of  this  result,  as  it  has  been  found  that  in  the 
conductivity  produced  hy  ultra-violet  light  the  charge 
acquired  by  the  positive  electrode  increases  with  the 
distance  between  the  plates,  except  when  very  small  forces 
are  used,  and  the  chai^ge  received  per  second  is  then  con- 
stant and  equal  to  n^u. 

It  may  also  be  seen  that  the  currents  obtained  by  this 
theory  are  not  the  same  at  all  distances  from  the  electrodes 
when  the  steady  state  is  reached.  For  if  m  be  the  number 
of  positive  ions  per  cubic  centimetre  and  v  their  velocity 
under  the  electric  force  X,  the  equation  of  continuity  for  the 
positive  ions  when  the  steady  state  is  reached  is 

since  positive  ions  are  generated  simultaneously  with 
electrons  and  are  not  lost  by  combining  with  neutral 
molecules.  The  variation  of  the  current  i  with  the  dis- 
tance X  is  given  by  the  equation 

which  shows  that  i  is  not  constant,  but  diminishes  with  the 
distance  x  from  the  negative  electrode.  As  there  are  no 
electrical  discharges  in  which  the  current  at  the  positive 
electrode  differs  from  the  current  at  the  negative  electrode 
when  the  steady  state  is  attained,  the  general  principle  of 
the  theory  must  be  considered  unsatisfactory. 

In  the  investigation  of  the  positive  column  in  a  discharge 
tube,  the  above  equation  of  continuity  for  negative  electricity 
ia  adopted  and  a  term  is  added  to  represent  the  loss  of 
electrons  by  dififusion  to  the  sides  of  the  tube.  When  the 
variation  of  the  negative  stream,  d{nu)/dx,  along  the  axis 
of  the  tube  vanishes,  the  force  X  is  obtained  by  equating  to 
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zero  the  remaining  terms  in  the  equation.  Assamiug  that 
the  quantity  A  which  represents  the  rate  at  which  electrons 
are  prodaoed  is  proportional  to  X,  and  that  B,  the  rate 
at  which  they  disappear  by  oombining  with  nentral 
molecules,  is  independent  of  X,  Thomson  finds  that  the 
force  X  in  the  positive  column  is  given  by  the  eqnatioa 

^     o,     ^ 
p  ~    '^ifpX' 

C  and  D  being  constants,  and  d  the  diameter  of  the  tube,  i 
Thus  when  d  is  large,  the  force  X  is  proportional  to  p. 

It  is  very  improbable  that  the  solution  of  the  problem 
is  represented  by  this  equation.  For  when  d  is  large  the 
problem  is  reduced  to  the  investigation  of  conductivity 
between  parallel  plates,  in  which  the  division  to  the  sides 
is  neglected,  the  quantities  A  and  B  are  equal,  and  the 
current  through  a  section  at  a  distance  a:  irom  the  negative 
electrode  becomes  i  =  ig-~nueBx  which  diminishes  with  x. 
The  general  objections  which  have  been  raised  to  the  theory 
may  be  avoided  by  equating  C  (which  is  proportional  to 
B)  to  zero,  but  the  equation  then  gives  a  value  of  the  force 
X  =  -/D/d  which  is  independent  of  the  pressure. 

SOS.  Application  of  the  collision  theory  to  positive  and 
negative  dischargeB  from  points  and  oylindera.  The  theory 
which  has  been  given  to  account  for  the  difference  between 
the  sparking  potential  and  the  potential  required  to 
maintain  a  current  between  parallel  plates  also  explains  the 
difference  between  the  potentials  required  to  produce 
positive  and  negative  discharges  from  points  or  ftom  the 
surface  of  a  cylinder. 

Thus  in  the  currents  through  air  at  atmospheric  pressure 
from  a  cylindrical  surface  or  from  a  rounded  end  of  a  wire, 
the  starting  potential  is  in  some  cases  less  for  positive  than 
for  negative  discharges,  hut  when  the  pressure  is  reduced 
a  negative  discharge  is  obtained  with  a  much  smaller 
potential  than  a  positive  discharge. 

The  equation  which  expresses  the  condition  that  a  dis- 
charge should   be  maintained   by   ions   generated   in  the 
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field  of  force  between  two  conductors  has  been  given  in 
Section  293.  If  tbe  integration  be  taken  along  a  line  of 
force  8  from  one  electrode  A  at  which  s  =  0  to  another 
electrode  B  at  which  8  =  8,  the  equation  becomes 


<" 


ds, 

t'  A  ia  the  negative  electrode. 

When  the  forces  are  reversed,  and  A  becomes  the  positive 
electrode,  the  corresponding  condition  is  obtained  by  inter- 
changing the  quantities  a  and  ^  The  two  conditions  are 
not  tbe  same,  aince  the  integral  is  not  symmetrical  with 
respect  to  a  and  ^.  It  follows  that  in  general  the  potential 
required  to  start  a  negative  dischat^e  is  not  the  same  as  the 
potential  required  to  start  a  positive  discharge. 

Taking  the  values  of  or  and  0  that  have  been  determined 
experimentally,  it  may  be  seen  by  the  method  employed  in 
Section  295  that  if  the  condition  for  sparking  is  satisfied 
when  the  larger  values  of  a  and  /3  are  in  the  field  near  the 
negative  electrode,  the  forces  will  not  be  sufficient  to 
maintain  a  discharge  when  they  are  reversed  in  direction. 

This  result  is  not  doe  to  the  fact  that  (3  is  small  compared 
with  ex,  but  it  depends  rather  on  how  rapidly  the  quantities 
a  and  fi  increase  with  the  force.  This  point  may  be 
examined  by  considering  whether  it  is  more  advantageous 
to  increase  the  force  near  the  negative  electrode-  or  near 
the  fKJsitive  electrode  when  the  potential  difference  between 
the  two  electrodes  is  not  quite  sufBcient  to  produce  a  dis- 
charge. If  a  and  ^  be  increased  to  cn  +  Sa,  and  p  +  ifij  for 
a  distance  B;S  near  the  positive  electrode,  the  condition  for 
sparking  then  becomes 


-l> 


E  "  de  +  f  "  la,t8. 


It  will  be  observed  that  in  this  oase  no  advantage  is 
gained  by  the  increase  i^^ 

If  a  and  ^  are  increased  to  a  +  Sa,  and  ^  +  8^,  for  a  distance 
18  near  the  negative  electrode,  the  condition  for  sparking 
becomes 
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1  ^  ««.»«+ J^  „,(»«.->».) «+;;(«-«)*rf.. 

Multiplying  by  the  lactor  1  +  (8%— H^j)  iS,  this  equation 
becomes 


=/:» 


J«  +  8)9g65. 


Hence  it  will  be  more  advantageous  to  increase  the  force 
near  the  negative  electrode  if  b^^  exceeds 

For  simplicity,  the  case  of  a  uniform  field  may  be  con- 
sidered.   When  the  potential  approaches  the  value  required 

to  produce  a  spark,  the  integral  tJo  (*-")  ■'•is  approximately 
equal  to  ^/a,  so  that  a  small  increase  in  the  force  near  the 
negative  electrode  will   have   more   effect   than  an  equal 

increase  near  the  positive  electrode  if  ~  exceeds  -r-^' 
or  II 

1  d^      1  da 

'^dX^adX' 
It  will  be  found  that  with  the  values  of  a  and  ^  that  have 
been  given  in  Chapters  VIII  and  IX  this  condition  is 
satisfied ;  thus  when 

XA)  =  325,  -  :7V-  = ,  and  ^-rv  = 

"  '  a  dX        p    '  ^  dX        p 

Hence  when  the  forces  in  the  field  in  which  the  ions  are 

generated  are  of  the  same  order  as  those  for  which  these 

determinations  have  been  made,  that  is  when  X/p  exceeds 

150,  the  negative  discharges  from  points  or  cylinders  will 

probably  be  obtained    with   smaller  potentials  than  the 

positive  discharges. 

80d.  Positive  and  negative  discharges  between  coaxial 
cylinders.  The  forces  iu  the  field  in  which  the  ions  are 
generated  may  be  determined  when  the  discharge  tabes 
place  between  coaxial  cylinders.  At  the  higher  pressures 
the  ionization  takes  place  within  a  short  distance  of  the 
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inner  cylinder.  If  a  be  the  radios  and  E  the  charge  per 
unit  length  of  the  inner  cylinder,  the  ionization  takea  place 
at  points  where  the  force  exceeds  a  certain  value  2E/c,  and 
the  ratio  of  the  maximum  to  the  minimum  force  in  the  field 
is  c/a.  The  ratios  c/a  for  cylinders  of  different  diameters 
may  be  obtained  from  the  values  of  a  and  c  —  a  given  in 
Section  2S3  for  discharges  through  air  at  760  mm.  pressure. 
Thus  for  a  cylinder  of  5  millimetres  radius  the  ratio  c/a  is 
1-33,  and  for  a  cylinder  -5  millimetre  radius  the  ratio 
increases  to  2-5.  The  largest  force  is  76  kilovotts  per  centi- 
metre at  the  surface  of  the  wire  of  -5  millimetre  radius, 
and  the  corresponding  value  of  X/p  is  100  approximately. 

In  these  cases  there  was  very  little  difference  between 
the  starting  potentials  for  positive  and  negative  dis- 
charges. 

At  low  pressures  of  the  order  of  one  millimetre,  the 
ionization  takes  place  throughout  the  whole  space  between 
the  inner  and  outer  cylinder,  and  the  ratio  of  the  maximum 
to  the  minimum  force  in  the  field  is  A/a,  A  being  the 
radius  of  the  outer  cylinder.  In  the  experimenta  on  the 
discharges  through  gases  at  low  pressures  described  in 
Section  259,  it  was  found  that  wiiJi  an  outer  cylinder  of 
fixed  diameter,  4  centimetres,  there  was  a  considerable 
difference  between  the  potentials  required  to  produce 
positive  and  negative  discharges  which  was  very  marked 
when  the  inner  cylinder  was  of  small  diameter.  The 
curves,  figure  62,  show  that  even  where  the  inner  cylinder 
is  comparatively  large,  16'95  millimetres  in  diameter,  the 
potentials  differ  by  44  volts  when  the  air  is  at  one  milli- 
metre pressure.  In  this  case  the  ratio  A/a  was  2-6,  and 
the  value  of  X/p  at  the  sur&ce  of  the  inner  cylinder  was 
480,  corresponding  to  the  potential  364  volts  between  the 
cylinders. 

The  values  of  X/p  in  these  cases  come  within  the  range 

of  values  for  which  it  may  be  shown  that  -^-ty  exceeds 
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807.  Positive  and  negative  disoh&rgeB  from  pointa.  In 
point  discharges,  aa  in  the  discharges  between  coaxial 
cylinders,  the  difierence  between  the  potentials  required  to 
produce  positive  and  negative  discharges  depends  on  the 
values  of  the  quantity  X/p  in  the  field  of  force. 

In  air  at  atmospheric  pressure,  the  potential  reqaired  to 
start  a  dischai^  is  less  for  sharp  points  than  blnnt  points, 
but  the  force  at  the  sharp  point  is  greater  than  that  at 
the  blunt  point.  This  may  be  shown  by  considering  the 
potentials  given  in  Section  263  for  points  of  definite  shape 
obtained  by  rounding  the  ends  of  wires  of  different 
diameters.  Thus  the  potential  required  to  start  a  positive 
discharge  from  the  end  of  a  wire  ■  1 74  millimetre  in  diameter 
to  a  plate  at  1  centimetre  distance  is  2,850  volts,  and  for 
a  wire  -244  millimetre  in  diameter  at  a  distance  1-5  centi- 
metres from  the  plate  the  starting  potential  is  3,375  volts. 
The  ends  of  the  wires  were  hemispherical,  so  that  the 
surfaces  were  exactly  similar,  and  since  the  distances  from 
the  plate  are  nearly  in  the  same  ratio  as  the  radii  of 
the  wires,  the  fields  of  force  near  the  points  in  the  two 
experiments  were  almost  exactly  similar.  Under  these 
conditions  the  forces  at  corresponding  points  are  directly 
proportional  to  the  potentials  and  inversely  proportional  to 
the  linear  dimensions.  Hence  the  ratio  of  the  force  at  the 
surface  of  the  small  point  to  that  at  the  surface  of  the  large 
point  is  1*19: 1.  Thus  the  ratio  of  the  maximum  to  the 
minimum  force  in  the  field  in  which  the  ions  are  generated 
increases  as  the  radios  of  the  point  diminishes,  the  minimum 
in  these  cases  being  taken  as  30  kilovolts  per  centimetre  in 
air  at  atmospheric  pressure.  Also,  the  average  value  of  the 
force  in  the  field  in  which  the  ions  are  generated  is  larger 
with  sharp  points  than  with  blunt  points. 

At  atmospheric  pressure,  the  potential  required  to  pro- 
duce a  positive  discharge  from  a  sharp  point  or  from  the 
end  of  a  fine  wire  is  greater  than  the  potential  required  to 
produce  a  negative  discharge,  but  with  a  blunt  point,  such 
as  the  rounded  end  of  a  wire  *5  millimetre  in  diameter,  the 
two  potentials  are  the  same.    This  difference  between  the 
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sharp  points  and  blunt  points  is  due  moat  probably  to 
the  fact  that  the  force  at  the  end  of  the  sharp  point  is 
greater  than  the  force  at  the  end  of  the  blunt  point. 

The  following  experiment  shows  that  the  nature  of  the 
phenomena  is  determined  by  the  valaes  of  the  ratio  X/p. 
If  the  rounded  end  of  a  wire  -5  millimetre  in  diameter  be 
set  up  at  a  distance  of  1-5  centimetres  from  a  plate,  the 
following  are  the  values  of  the  potentials  required  to  pro- 
duce positive  and  negative  discharges  at  different  pressures : 

Presanre  of  air  in  millimetres       763      548      852      106        31        11 
Starting   potential    in    kilo-     4-78     4-20     2-96     164     l-OS      -850 

volta  for  poaitive  discharges 
Starting    potential    in    kilo-     4-80     4-32     3-01     1-49       -76      -610 

volte  for  negative  discharges 

Thus  the  potentials  diminish,  and  a  considerable  difference 
between  the  positive  and  negative  potentials  is  obtained 
when  the  pressure  is  reduced,  the  changes  being  similar  to 
those  obtained  when  the  pressure  is  constant  and  the 
diameter  of  the  wire  is  reduced* 

This  result  is  in  agreement  with  the  general  theorem 
given  in  Section  251,  &om  which  it  follows  that  the  force 
required  to  produce  a  discharge  from  the  end  of  a  wire  of 
definite  shape  is  connected  with  the  diameter  a  and  the 
pressure  ^  by  a  simple  relation.  If  f+  and  F_  be  the  forces 
required  to  produce  positive  and  negative  discharges,  then 
aF^.  =  <t>j  (ap),  and  aF_  =  ^^  (ap). 

Hence  the  ratio  -~  =  ^g  (ap),  which  shows  that  if  a  difference 

in  the  two  forces  is  obtained  by  reducing  the  radius,  a 
similar  difference  must  be  obtained  by  reducing  the 
pressure. 

Also,  it  is  easy  to  see  by  the  method  used  in  Section  260 
that  as  the  pressure  is  reduced  the  potential  required  to  pro- 
duce a  discharge  between  any  two  surfaces  cannot  fall  off  as 
rapidly  as  the  pressure,  hence  in  all  cases  of  discharge  the 
vajue  of  X/p  at  the  surface  of  a  conductor  increases  aa 

*  See  tables  of  starting  potentials  given  in  Section  263. 
Q  g  2 
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the  presBure  is  reduced.  When  the  starting  potential  for 
negative  discharges  from  points  is  less  than  that  for  positive 
discharges,  the  average  valoe  of  the  ratio  Xfp  is  compara- 
tively large.  But  as  X/'p  diminishes,  the  potentials  become 
equal,  and  when  a'p  exceeds  a  certain  value  the  positive 
potential  is  slightly  less  than  the  negative.  It  will  be  seec 
from  Section  305  that  these  effects  obtained  by  reversing  the 

forces  depend  on  the  relative  values  of  the  quantities  -^  -3-^ 

and     -Ti?'  and   the  conclusions  to  be  drawn  from  the 
aaA 

experiments  with  cylinders  and  with  points  are  that  for  the 

larger  values  of  Xj-p  the  ratio  ^  -rs  exceeds  -  ^ ,  but  with 

the  smaller  values  of  X/p  (from  40  to  100)  the  two  ratios 
become  nearly  equal.  The  latter  result  shows  that  for 
a  certain  range  of  forces  and  pressures  the  ratio  a/ft  is  nearly 
constant. 
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CHAPTER  XH 

CATHODE  BAYS  AND  POSITIVE  RAYS 

S08.  Early  experiments  with  cathode  n^ti.  The  dis- 
covery of  the  properties  of  the  cathode  rays  has  been  an 
important  factor  in  establishing  the  modem  theoiy  of 
electrical  phenomena.  According  to  Kelvin  *  the  cathode 
rays  were  discovered  by  Varley  in  1871  and  rediscovered 
eight  years  later  by  Crookes.  In  Varley's  experiments 
a.  discharge  was  passed  through  hydrogen  between  two 
electrodes  in  the  form  of  rings,  and  from  the  effects  obtained 
in  a  magnetic  field  on  the  distribution  of  the  glow  in 
the  gas  he  concladed  that  '  attenuated  particles  of  matter ' 
Tvere  projected  A*om  the  negative  pole  in  all  directions. 
The  experimental  evidence  in  tiivour  of  this  hypothesis, 
■which  was  given  by  Varley ,t  is  not  very  convincing,  and 
his  experiments  on  the  effects  of  a  magnetic  field  on  the 
discharge  are  not  so  extensive  as  those  previously  made  by 
Plucker  J  and  Hittorf.§ 

808.  Crookes'  investigatioii  of  the  velocity  of  the  rays. 
A  marked  advance  was  made  by  Crookes,||  who  studied  the 
process  of  the  development  of  the  cathode  rays  as  the 
pressure  is  reduced,  and  made  the  first  investigations  of 
some  of  their  well-known  properties. 

In  one  series  of  experiments,  the  relative  velocities  of 
rays  obtained  in  gases  at  various  small  pressures  were 

*  Lord  Kelvin,  Phil.  Uag.  (6)  8,  p.  534, 1904. 
t  C.  F.  Varley.  Proc.  Roy.  Soo,  19,  p.  238,  1871. 
t  J.  PlOcker,  Poag.  Ann.  103,  p.  88,  1858. 
£  W.  Hittorf,  Wied.  Ann.  134.  pp.  1  and  197,  1869. 
Full  accounts    of  Plflcker's  ana  Hittorfg  reiesrches  are  given  in 
'  Ions,  Electrons,  CorpuiculeB '. 
II  W.  Crooke*.  Phil.  Trans.  170,  p.  135,  1879. 
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investigated.  The  apparatus  nsed  conaisted  of  a  vacuam 
tabe  with  a  plane  alnminium  electrode,  in  front  of  which 
was  placed  a  mica  screen  with  a  small  hole  in  the  centre. 
The  plane  of  the  screen  was  parallel  to  the  surface  of  the 
electrode  and  distant  2-5  centimetres  from  it  The  rays 
which  were  projected  through  the  aperture  in  the  mica 
were  received  on  a  glass  plate,  and  the  small  area  on  which 
they  impinged  was  marked  by  a  green  fiaorescence. 

The  narrow  beam  of  rays  passing  through  the  aperture 
in  the  mica  was  deflected  by  a  transverse  magnetic  force, 
and  the  elFect  was  observed  by  the  displacement  of  the 
spot  of  light  on  the  glass  plate.  Measurements  were  made 
of  the  displacements  produced  by  a  magnet  in  a  fixed 
position  when  the  discharge  passed  through  gases  at  d  ifferent 


With  air  in  the  tube,  no  rays  were  observed  to  pass 
through  the  aperture  until  the  pressure  was  reduced  to  -077 
millimetre.  At  this  pressure  the  dark  space  between  the 
cathode  and  the  negative  glow  was  12  millimetres  wide, 
and  the  displacement  of  the  luminosity  on  the  plate  by  the 
fixed  magnet  was  13-3  millimetres. 

When  the  pressure  was  reduced  to  -023  millimetre  (dark 
space  16  millimetres),  the  spot  of  light  became  more  brilliant 
and  more  sharply  defined,  the  magnetic  displacement  being 
11-6  millimetres. 

With  a  pressure  -02  millimetre  (dark  space  26  milli- 
metres), the  magnetic  displacement  was  98  millimetres, 
and  with  a  pressure  -007  millimetre  the  displacement  was 
■3  millimetre.  In  the  latter  case  the  negative  glow  had 
disappeared. 

Hence  the  magnetic  deflection  diminishes  as  the  pressure 
is  reduced,  which  shows  that  the  velocity  of  the  particles 
increases. 

The  high  velocity  acquired  by  the  particles  was  shown 
by  the  rise  of  temperature  which  is  produced  when  the 
rays  impinge  on  a  solid  body.  When  a  hollow  cath^e  is 
used  to  focus  the  rays  on  a  small  area,  a  strip  of  planum 
may  be  raised  to  a  white  heat.  * 
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310.  Perrin'a  experiment  to  determine  tlie  charge.  Thus, 
according  to  Vatley  and  Crookea,  the  cathode  rays  are 
formed  of  material  particles  charged  with  negative  elec- 
tricity, which  are  repelled  from  the  cathode  and  acquire 
a  very  high  velocity  in  the  electric  field ;  but  many 
physicists  did  not  accept  this  explanation  of  the  phenomena, 
and  maintained  that  the  raye  were  a  form  of  undulatory 
motion  of  the  ether.  The  corpuscolar  theory  depends  on 
the  hypothesis  that  the  rays  are  negatively  charged,  and 
the  first  experiments  which  were  made  to  detect  the  charge 
were  inconclusive,  and  in  some  cases  gave  quite  unexpected 
results. 

This  problem  was  successfiilly  investigated  by  Ferrin* 
and  his  experiments  were  generally  accepted  as  proving 
that  the  cathode  rays  consisted  of  negatively  charged 
particles  travelUng  with  a  high  velocity.    In  the  apparatus 


FigQTe  67. 

used  by  Perrin  (figure  67),  the  cathode  rays  entered  an 
insulated  metallic  cylinder.il SC/>  through  a  small  aperture 
a,  the  cylinder  being  screened  from  external  charges  by  an 
outer  cylinder  EFOH  maintained  at  zero  potential. 

Two  small  apertures  were  bored  in  the  larger  cylinder, 
one  b  facing  the  cathode  N,  and  the  other  at  the  opposite 
end  of  the  cylinder,  through  which  the  inner  cylinder  was 
connected  with  an  electroscope.  The  outer  cylinder  served 
as  the  positive  electrode,  and  when  a  discharge  was  passed 
through  the  tube  some  of  the  cathode  rays  from  N  passed 
through  the  apertures  a  and  h,  and  the  inner  cylinder 
acquired  a  negative  charge. 

When  the  discharge  was  produced  by  an  induction  coil, 

*  J.  Pemn,  CompteB  rendua,  131,  p.  1130,  Dec.  1895;  Ann.  de  Chim. 
el  de  Phys.  (7)  11,  p.  496,  Aug.  1897. 
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the  charge  acquired  by  the  inner  cylinder  was  in  some 
cases  as  great  as  600  electrostatic  units  for  each  intermption 
of  the  primary  circuit  of  the  coil. 

The  cathode  rays  may  be  deflected  from  the  axis  of  the 
tube  by  a  transverse  magnetic  field,  so  that  they  shall  not 
fall  near  the  aperture  b.  The  deflection  of  the  rays  was 
observed  by  a  fluorescent  powder  on  the  surface  FG  of  the 
outer  cylinder,  and  when  the  luminous  area  was  displaced 
from  the  centre  ^the  electroscope  connected  to  the  inner 
cylinder  remained  uncharged  when  the  discharge  passed 
through  the  tube. 

In  the  absence  of  the  magnetic  field,  the  inner  cylinder 
became  charged  when  the  'aperture  at  b  was  a  small  pin- 
hole, or  when  the  aperture  was  covered  by  thin  metal  fuil. 

(The  penetration  of  the  cathode  particles  through  thin 
sheets  of  metal  was  discovered  by  Hertz,  and  this  property 
of  the  rays  waa  used  by  Lenard  *  to  obtain  rays  in  the  air 
outside  the  tube. 

Lenard  found  that  the  rays  produced  intense  ionization 
in  the  air.  A  charged  conductor  placed  near  the  tube  lost 
its  charge  very  quickly,  and  the  effect  was  independent  of 
the  sign  of  the  charge,  which  shows  that  the  numbers  of 
positive  and  negative  ions  in  the  gas  were  practically  the 
same.  The  number  of  cathode  particles  which  traverse 
the  gas  is  therefore  small  compared  with  the  number  of 
molecules  that  are  ionized,  otherwise  a  conductor  would 
have  lost  its  charge  more  rapidly  when  it  waa  positively 
charged  than  when  it  was  negatively  chatted.) 

In  Perrin's  experiments  the  gas  waa  at  a  very  low  pres- 
sure, and  comparatively  few  ions  were  generated  in  the 
space  between  the  two  cylinders.  In  this  case,  therefore, 
the  negative  charge  of  the  cathode  rays  is  the  principal 
effect;  but  as  the  inner  cylinder  becomes  charged  the 
positive  ions  are  attracted  to  it,  and  the  direct  effect  of  the 
cathode  rays  is  reduced. 

Many  experiments  have  been  made  to  show  that  the 

rays  are  deflected  by  an  electric  force.    The  method  adopted 

*  See  Section  46. 
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by  Perrin  may  be  seen  by  the  arrangemeut  of  the  discharge 
tube  shown  in  figure  68  a.  The  cathode  rays,  after  passing 
through  a  perforated  positive  electrode,  traversed  the  gas 
in  the  large  sphere  and  cast  a  shadow  of  the  wire  W  on  the 
surface  of  the  sphere.  When  the  wire  was  charged  nega- 
tively, the  rays  were  deflected  aa  shown  in  figure  68  6,  and 
"when  the  wire  was  charged  positively  the  deflection  was  as 
shown  in  68  c. 


Figure 


311.  Seoondary  cathode  rays.  When  the  cathode  rays 
fall  on  a  metal  surface  Rontgen  rays  are  generated,  also 
secondary  rays  consisting  of  negatively  charged  particles 
are  emitted  in  all  directions  from  the  metal.  The  secondary 
rays  may  be  observed  in  a  side  tube  connected  to  the  main 
discharge  tube,  by  placing  a  metal  plate  in  the  path  of  the 
cathode  rays  opposite  the  opening  to  the  side  tube.  These 
rays  were  observed  by  Thompson,*  who  found  that  they 
were  of  the  same  nature  as  the  cathode  rays,  since  i^ey  cast 
a  shadow  of  a  wire  on  the  surface  of  the  glass,  and  were 
easily  deflected  by  a  magnetic  force. 

The  properties  of  the  secondary  cathode  rays  were  also 
investigated  by  Campbell  Swinton,t  and  the  negative 
charge  carried  by  the  rays  was  demonstrated  by  Perrin's 
method,  in  which  the  rays  enter  an  insulated  cylinder 
contained  inside  another  cylinder  maintained  at  zero 
potential.    The  reflection  of  a  beam  of  rays  was  thus  found 

•  S.  P.  ThompHOn,  Phil.  Trans.  ISO,  p.  471, 1897. 

t  A.  A,  Campbell  Swinton,  Proc.  Boy.  Soc.  64,  p.  377,  1899. 
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to  be  largely  dif^e,  some  particles  being  emitted  in  all 
directions;  but  there  was  a  considerable  concentration 
along  the  direction  in  which  an  ordinary  beam  of  light 
would  have  been  reflected. 

The  charge  received  by  the  reflector  depends  on  the 
inclination  of  the  primary  beam  to  the  normal.  When  the 
incidence  is  normal  the  metal  receives  a  negative  charge 
which  diminishes  as  the  angle  of  incidence  increases,  and 
becomes  zero  when  the  angle  is  about  45°.  When  the  rays  , 
are  inclined  at  large  angles  to  the  normal  the  reSector  | 
becomes  positively  charged,  which  shows  that  in  this  case 
the  number  of  electrons  in  the  secondary  rays  is  greater 
than  the  number  of  the  primary  absorbed  by  the  metal. 

Lenard  *  found  that  the  difiiise  secondary  rays  from  a 
metal  surface  are  emitted  with  comparatively  small  veloci- 
ties, of  the  same  order  as  that  with  which  the  electrons 
are  given  off  from  a  surface  under  the  action  of  ultra-violet 
light. 


Figure 


312.  Passage  of  the  rays  through  gases.  The  extent  to 
which  the  cathode  rays  penetrate  gases  and  thin  sheets 
of  metal  has  been  investigated  by  Lenard.f  who  found 
that  the  distance  to  which  the  rays  penetrate  is  inversely 
proportional  to  the  density  of  the  medium.  The  principle 
of  the  method  adopted  by  Lenard }  to  investigate  the 
velocity  is  shown  in  figure  69.  The  two  tubes  A  and 
B  were  fixed  on  opposite  sides  of  a  metal  plate  F,  with 

•  P.  Lenard,  Ann.  der  Phys.  (4)  16.  p.  485,  1904.^ 
+  P.  Lenard,  Wied.  Add.  61,  p.  225,  1894. 
t  P-  Lenacd,  Wied.  Ado.  62,  p.  23,  1894. 
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a  small  hole  in  the  centre  covered  by  aluminium  foil,  bo 
that  it  was  possible  to  have  the  gaaes  at  different  prepares 
in  the  two  tubes.  The  rays  generated  in  the  tube  A  fell 
on  the  aluminium  window  and  penetrated  into  the  gaa  in 
the  tube  B.  Thia  tube  contained  two  movable  screens,  S^ 
and  S^,  and  a  narrow  beam  of  the  rays  diverging  from 
the  aluminium  foil  passed  through  a  hole  in  the  screen  S^ 
and  produced  a  small  fluorescent  spot  on  the  screen  S^. 
The  magnetic  force  was  produced  by  a  horseshoe  magnet 
M  placed  midway  between  the  screens,  with  the  poles  on 
opposite  sides  of  the  tube,  so  that  the  spot  of  light  is 
deflected  towards  the  edge  of  the  screen  S^. 

The  magnetic  deflection  of  the  rays  depended  on  the 
pressure  of  the  gas  in  A.  When  the  pressure  was  reduced, 
the  potential  required  to  produce  the  discharge  increased, 
and  the  magnetic  deflection  of  the  rays  passing  between  S^ 
and  8^  was  diminished.  This  shows  that  the  velocity  of 
the  raya  increases  with  the  potential  difference  between 
the  cathode  and  anode  in  the  tube  in  which  they  are 
generated. 

Bat  when  the  pressure  in  A  is  constant,  and  rays  of  a 
definite  velocity  pass  through  the  aluminium  window  into 
the  tube  B,  they  retain  their  velocity  to  a  remarkable 
extent,  no  appreciable  change  being  observed  in  the 
magnetic  deflection  when  considerable  changes  were  made 
in  the  pressure  of  the  gas  in  B.  Thus  when  B  contained 
air  and  the  screens  were  at  distances  of  10  and  20  centi- 
metres respectively  from  the  aluminium  window,  the  de- 
flection of  the  rays  was  the  same  for  all  pressures  between 
•02  millimetre  and  33  millimetres. 

These  experiments  show  that  when  the  cathode-ray 
particles  have  acquired  a  high  velocity,  they  may  make 
a  large  number  of  collisions  with  molecules  of  a  gas  before 
the  speed  becomes  appreciably  reduced. 

S13.  The  ratio  of  the  charge  to  the  nuBs  of  a  particle. 
The  problem  which  is  of  most  importance  is  to  determine 
the  ratio  of  the  charge  e  to  the  mass  m  of  the  particles  in 
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a  stream  of  cathode  rays.  The  ratio  EfM,  where  E  is  the 
charge  on  an  atom  of  hydrogen  in  a  liquid  electrolyte  and 
M  the  mass  of  an  atom  of  hydrogen,  may  be  easily  found. 
Since  a  current  of  one  electromagnetic  unit  flowing  throng 
an  electrolyte  gives  off  -00010357  gramme  of  hydrogen  per 
second,  the  ratio  of  the  charge  on  an  atom  of  hydrogen  to 
the  mass  of  the  atom  is  approximately  1 0*,  or  if  the  chai^ 
be  expressed  in  electrostatic  units  the  ratio  EjM  is  3  x  1 0'*. 
Hence,  when  the  ratio  e/m  is  known  for  any  particle  its  , 
mass  may  be  fonnd  in  terms  of  the  mass  of  an  atom  of  | 
hydrogen  if  the  charges  E  and  e  are  the  same. 

Different  methods  have  been' used  to  determine  the  ratio 
e/m  for  small  particles,  but  most  of  the  calculations  depend 
on  some  experimental  investigation  of  the  effect  of  a 
magnetic  force  on  the  motion  of  the  particle.  The  simplest 
case  is  that  of  a  particle  moving  in  a  vacuum  in  which 
the  electric  force  is  zero  and  the  magnetic  force  H  is 
perpendicular  to  the  direction  of  motion.  If  V  be  the 
velocity  of  the  particle,  the  force  IfeF  acting  on  it  is  in 
a  direction  at  right  angles  to  the  direction  of.  motion  and 
to  the  magnetic  force,  so  that  when  E  is  constant  the 
particle  moves  in  a  circle  with  a  constant  velocity.  The 
radius  r  of  the  circle  is  obtained  by  equating  the  centri- 
fugal force  to  the  foree  HeY  along  the  normal  to  the 
trajectory.    Hence 

■-     r 

\        V 
or  ~  =  TT  ■ 

In  a  discharge  tube  containujg  a  gas  at  a  very  low  pres- 
sure, the  electric  force  in  the  neighbourhood  of  the  cathode  is 
large,  so  that  the  particles  set  free  from  the  cathode  acquire 
a  high  velocity  and  may  penetrate  ctJnsiderable  distances 
without  much  loss  of  energy  by  collisions  with  molecules. 
If  the  electrodes  are  fixed  at  one  end  of  the  tube,  the  rays 
move  with  a  velocity  which  is  approximately  constant  for 
the  remainder  of  their  path,  and  the  curvature  \/r  of  their 
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trajectory  produced  by  a  magnetic  force  H  may  easily  be 
found,  so  that  one  relation  between  the  two  quantities  e/m, 
and  Fia  thus  obtained.  If,  in  addition,  the  velocity  7"  is 
Icnown,  or  some  other  relation  connecting  e/m  and  V,  the 
values  of  both  these  quantities  may  be  obtained. 

In  the  early  investigations  made  by  Schuster*  the  value 
attributed  to  V  was  much  too  small,  and  the  numbers 
obtained  for  e/m  were  not  much  greater  than  the  values 
for  charged  atoms. 

314.  Wieohert's  determination  of  the  ratio  ^/m  tot  the 
cathode  rays.  Wieohert,!  in  January  18!)7,  first  ahovfed 
that  the  velocity  of  the  cathode  rays  is  in  some  cases  about 
one-tenth  of  the  velocity  of  light,  and  that  the  ratio  e/m 
for  a  cathode-ray  particle  is  between  4,000  and  2,000  times 
aa  great  as  the  value  of  ^Jf  corresponding  to  an  atom  of 
hydrogen.  He  attributed  the  large  value  of  e/m  to  the 
smallness  of  the  mass  m,  and  considered  the  charges  e  and  E 
to  be  the  same. 

Wiechert,  working  with  rays  in  hydrogen  at  a  very  low 
pressure,  measured  the  curvature  l/r  of  their  trajectory 
produced  by  a  known  magnetic  force  H,  and  obtained  the 
value  of  Hr  for  ^bstitution  in  the  formula 

771  Hr 
The  velocity  Fwas  determined  by  a  direct  method,  in 
which  the  period  of  oscillation  of  a  condenser,  discharging 
through  a  circuit  of  known  self-induction,  was  used  to 
estimate  the  short  inteiTal  of  time  required  by  the  rays 
t<»  traverse  a  given  distance  in  the  discharge  tube.  This 
principle  had  previously  been  used  by  Dea  Coudres,  who 
fomid  that  the  cathode  rays  had  a  velocity  exceeding  2x10^ 
centimetres  per  second.  Guided  by  this  result,  Wiechert 
designed  an  apparatus  by  means  of  which  it  was  possible 
to  compare  the  time  iu  which  the  rays  traversed  a  distance 

•  See  A.  Schuster,  Proc.  Boy.  Soc.  47.  p.  526, 1890. 
t  E.  Wiechert,  Sitznugiber.  der  phyiikal.-Okon.  Qes.  zn  EOnigBberg, 
38,  p.  1, 1897 ;  Wied.  Ann.,  Beibl&tter,  21,  p.  448,  May  1897. 
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of  about  20  centimetres  with  the  period  of  diBcharge  T  Of 
a  condenser,  2"  being  between  10'*  and  10"^  second.  Tlife 
arrangement  of  the  apparatus  is  shown  hj  the  iUustratiob 
of  the  discharge  tube  (figure  70).  In  front  of  the  cathode  s 
and  at  a  distance  25  centimetres  from  it  was  placed  a  plate 
of  glass  G  that  fluoresced  brightly  under  the  action  of  the 
rays.  Two  metal  screens,  Bi  and  B^,  were  placed  betweeb 
the  cathode  and  the  glass  plate.  The  screen  B^  was  6  centl* 
metres  from  the  glass  plate  and  had  a  slit  in  the  centre 
a  few  millimetres  wide.  The  other  screen,  5j,  7^  centi- 
metres &om  the  cathode,  extended  across  the  lower  part 
of  the  tube,  and  ita  edge  waa  parallel  to  the  slit  in  Bg, 
The  positive  electrode,  which  is  not  shown  in  the  figure, 
waa  in  the  form  of  a  ring  and  was  placed  between  the 


u       a 


Figure  70. 

cathode  and  screen  B^.  The  discharge  was  produced  by 
the  secondary  circoit  of  a  Tesla  transformer,  and  the  rays 
coming  from  the  centre  of  the  cathode  passed  over  the  edge 
of  the  first  screen  and  through  the  slit  in  the  second. 
A  narrow  fluorescent  strip,  a  few  millimetres  wide,  marked 
the  points  on  the  surface  of  the  glass  G  on  which  the  rays 
impinged. 

When  a  magnet  M  ia  placed  in  a  suitable  position  near 
the  cathode  most  of  the  rays  are  bent  down  and  fall  on  the 
screen  B^,  and  only  a  slight  fluorescence  is  .seen  on  the 
glass  plate. 

The  two  wires  abed  and  efgk  formed  part  of  the  circuit 
of  the  oscillatory  disohaxge  of  a  condenser,  which  waa 
charged  inductively  by  the  Tesla  apparatus  used  to  produce 
the  cathode  rays.  Thus  a  current  flowed  through  the  wire 
abed,  and  at  the  same   instant  the  high  potential  waa 
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esbabliBhed  between  the  electrodes.  When  the  wire  ia 
brought  close  to  the  tube,  as  shown  in  the  figure,  the 
magnetic  force  due  to  the  current  in  be  coanteracts  the 
affect  of  the  magnet  M,  when  the  cathode  rays  are  emitted, 
3o  that  eome  of  the  rays  pass  over  the  edge  of  B^.  An 
increase  is  thus  produced  in  the  fluorescence  at  G,  due  to 
rays  which  pass  between  K  and  B^  when  the  alternating 
current  in  the  condenser  circuit  is  in  a  certain  phase. 

The  effect  of  the  current  on  the  rays  as  they  pass  from 
the  slit  in  £2  to  the  glass  plate  is  then  observed  by  bringing 
the  wire  efgh  near  the  tube.  Let  t  be  the  time  in  which 
the  rays  travel  from  £,  to  6,  T  the  period  of  oscillation  of 
the  condenser  discharge ;  then  if  T  is  large  compared  with 
(  the  deflection  produced  by  the  current  in  fg  is  in  the  same 
direction  as  the  deflection  produced  by  he.  If  the  period 
of  the  condenser  discharge  is  reduced  until  2/4  =  (,  the 
deflection  produced  between  B^  and  G  becomes  very  small 
ThoB  by  observing  the  displacements  of  the  fluorescence  of 
the  glass  plate,  obtained  by  reducing  the  period  T,  the  time 
i  may  be  estimated. 

It  was  thus  found  that  with  rays  for  which  the  value  of 
Hr  was  150,  the  velocity  Twas  about  3x10*  centimetres 
per  second,  and  the  value  e/m  was  about  2x10^;  the  true 
values  being  possibly  greater  than  these  numbers. 
•  "Wiechert  also  considered  the  possibility  of  determining 
e/m  from  measurements  of  the  potential  difference  W 
between  the  electrodes.  An  upper  limit  of  the  velocity  of 
the  electrons  in  the  tube  may  be  obtained  on  the  h3rpothesis 
that  the  rays  start  from  the  negative  electrode  and  move 
freely  under  the  electric  force.  The  maximum  kinetic 
energy  acquired  by  the  charged  particles  is  then 


and  —  18  given  by  the  equation  —  =  -^5-^  ■ 

The  upper  limit  of  the  value  of  e/m  thus  obtained  was 
4  X  10^ 
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Subsequently*  the   arrangement  of  the  apparatus  for 
measuring  the  velocity  of  the  raya  was  improved,  and  the 
most  probable  values  of  f/m  were  found  to  be  between 
4-64  X  10"  and  3-04  X  10"  in  electrostatic  units, 
or       1'55  X  10''    and  1-01  X  10'   in  electromagnetic  units. 

These  investigations  are  important,  as  the  velocity  of  the 
electrons  is  found  directly  by  measuring  the  time  of  passing 
over  a  certain  distance.  But  it  is  improbable  that  very 
exact  results  can  be  obtained  by  this  method  when  the  I 
charged  particles  travel  with  such  high  velocities,  as  it  is  I 
difficult  to  obtain  an  oscillatory  discharge  of  very  short 
period  which  is  not  highly  damped. 

316.  Eanftnann's  determination  of  the  ratio  e/in  for  the 
cathode  raya.  Kaufmannf  in  1897  made  a  series  of 
measurements  of  the  ratio  ^m  for  cathode  rays  and  obtained 
a  result  which  is  in  good  agreement  with  the  most  recent 
determinations.  His  method  depends  on  the  simple  prin- 
ciple that  in  a  gas  at  sufficiently  low  pressures  the  kinetic 
energy  acquired  by  the  electrons  in  passing  from  the 
cathode  to  the  anode  is  e  If,  W  being  the  potential  difference 
between  the  electrodes.    Under  these  conditions  the  value 

of  e/m  is  given  by  the  formula  —  =  -775—, ,  **  being  the  radios 

of  curvature  of  the  trajectory  in  a  transverse  magnetic 
field  H.  This  implies  that  the  loss  of  energy  of  the  elec- 
trons due  to  collisions  is  very  small,  and  the  investiga- 
tions show  that  any  such  effect  must  have  been  negligible. 
A  large  number  of  experiments  were  made  in  which  the  ' 
gas  was  at  different  small  pressures,  and  the  potential 
difference  between  the  electrodes  W  required  to  produce  ; 
the  discharges  varied  from  3,000  to  14,000  volts.  The 
smaller  values  of  W  correspond  to  the  larger  pressures, 
where  the  collisions  between  the  rays  and  the  molecules  are 
most  numerous,  so  that  if  the  velocity  were  appreciably 
diminished  by  collisions,  the  error  in  the  formula  would 

*  E.  Wiecheit,  Wied.  Ann.  69,  p.  739,  1899 ;  also  '  loni,  £lectioiw, 
Corpnscntes ',  vol.  ii,  pp.  1029-53. 
t  W.  KftafmanD,  Wied.  Ann.  61,  p.  5U,  Jul;  1697. 
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inorease  as  W  diminished.  Since  there  waa  no  appreciable 
difference  in  the  values  of  the  qaantity  W/H*r*  for  the 
different  pressures  at  which  the  experiments  were  made,  it 
may  be  concluded  that  no  serious  error  was  introduced  by 
taking  e  TT  as  the  kinetic  energy  of  the  rays. 


Figure  71. 

The  apparatus  used  by  Kaufmann  is  shown  in  figure  71 : 
the  glass  tube  R,ll  centimetres  long  and  6-5  centimetres 
wide,  was  closed  with  a  glass  plate  G,  the  electrodes  K  and 
P  being  contained  in  the  tube  T.  The  cathode  K  was 
raised  to  a  high  potential  by  a  Wimahurst  machine,  and  the 
potential  difTerence  W  between  the  electrodes  was  measured 
by  an  electrostatic  voltmeter.  The  case  of  the  voltmeter 
and  the  positive  electrode  P  were  connected  to  earth. 
A  thin  layer  of  chalk,  which  fluoresced  under  the  action  of 
H  h 
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the  rajs,  was  spread  over  the  plate  G,  and  the  electrode  P, 
which  was  a  platinum  wire  half  a  millimetre  in  diameter, 
cast  a  shadow  on  the  fluorescent  plate.  The  magnetic 
force  H  was  established  in  the  space  between  P  and  G  by 
the  current  in  the  solenoids  S.  The  deflection  of  the  rays 
was  measured  by  the  displacement  5  of  the  shadow  of  the 
wire,  and  since  6  was  small  compared  with  the  distance  P  G, 
the  radius  of  curvature  r  of  the  trajectory  was  inversely 
proportional  to  i  (2r8  =  d'  ap^xiximately,  d  being  the 
distance  PG).  Experiments  mad©  with  a  copper  electrode 
at  K  gave  the  following  results. 

With  air  at  diflferent  pressures,  -03  to  -07  millimetre, 
the  potentials  W  required  to  produce  the  discharge  varied 
from  10,630  volts  to  3,260  volts,  but  the  quantity  -/W/Hr 
remained  constant,  the  mean  values  being  proportional  to 
393,  398,  and  406,  in  a  series  of  experiments  in  which  the 
cathode  was  placed  at  various  distances  from  the  wire  P. 

With  coal-gas  the  mean  value  401-5  was  obtained  in 
experiments  in  which  TT  varied  from  6,410  to  1 1,850  volts. 

In  hydrogen  and  carbonic  acid  the  quantity  -/W/Hr  was 
found  to  be  proportional  to  404  Euid  398,  the  potentials  W 
ranging  from  4,000  to  14,000  volts. 

An  aluminium  cathode  was  also  used  with  air  in  the  tube, 
and  the  results  were  the  same  as  those  obtained  with  the 
copper  electrode. 

Thus  the  value  of  e/m  is  independent  of  the  pressure, 
the  distance  between  the  electrodes,  and  the  nature  of  the 
gas.  An  approximate  calculation  gave  e/m  =  10^,  e  being  in 
electromagnetic  units. 

In  order  to  obtain  an  exact  value  it  was  necessary  to  take 
into  account  the  fact  that  the  field  is  not  absolutely  nniibrm 
and  to  make  acciurate  measurements  of  the  force  H  along 
the  line  from  P  to  G  due  to  a  given  current  in  the  coils  S. 

When  the  rays  traverse  a  distance  x  in  the  transverse 
magnetic  field,  the  velocity  v  at  right  angles  to  the  original 
direction  of  motion  is 

('He, 
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so  tlLat  the  (small)  deflection  d  on  a  screen  at  a  distance  d 
from  the  origin  is 

8  =  f  udi  =  -i-.  frfaj  {'Hdx 
Jo  mVJo       Jo 

V  2mWjo      Jo 

A  complete  investigation  of  the  magnetic  field  was  made 
later,  and  in  a  subsequent  memoir  Kaufmann*  gives  the 
value  of  1-77  X  10'  for  e/m  for  cathode  rays. 

Kaufmann's  investigations  were  subsequently  repeated  by 
Simon  f  with  some  improvements  in  the  apparatus,  and  the 
number  l-8fi5  x  10'  was  obtained. 

816.  Thomeon'e  determinations  of  the  ratio  e/in  for  oathode 
rays.  Thomson.J  in  1897,  also  investigated  the  oathode 
rays  and  found,  by  two  different  methods,  values  of  e/m 
which  are  in  general  agreement  with  the  results  obtained 
by  Wiechert  and  Kaufmann. 


wnK    -"=^° 


Figure  72. 

In  one  of  these  methods  the  velocity  of  the  rays  is  found 
by  comparing  the  deflections  produced  by  transverse 
electric  and  magnetic  fields.  The  apparatus  used  is  shown 
in  figure  72.  The  rays  starting  from  the  cathode  C  passed 
through  the  slits  in  the  metal  diaphragms  A  and  B,  and 
felt  on  the  surface  of  the  glass  tube  at  F.  Both  diaphragms 
were  connected  to  earth,  and  A  acted  as  the  positive 
electrode.  A  potential  difference  was  established  between 
the  electrodes  i>  and  E  by  connecting  them  to  the  terminals 


•  W.  Kanfmann.  Wied.  Ann.  69,  p.  598.  Dec.  1897. 
+  S.  Simou,  Wied.  Ann.  69,  p.  589,  1899. 
t  J.  J.  Thomaon,  Phil.  Mag.  (5)  44,  p.  298,  Oct.  1897. 
H  h  2 
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of  a  battery  of  accumulators,  so  that  an  electric  force  X 
acted  on  the  rays  as  they  passed  between  the  plates. 

Each  particle  moves  in  the  direction  of  the  force  with  an 
acceleration  eZ/m  for  the  time  l/V,  Y  being  the  velocity 
of  the  rays  parallel  to  the  axis  of  the  tube,  and  I  the  length 
of  the  plates.  The  velocity  thus  acquired  in  the  direction 
of  the  force  is  eXl/m  V,  and  on  emergence  from  the  space 
between  the  plates  the  direction  of  motion  is  inclined  at 
a  small  angle  6  to  the  original  direction.  The  angle  Q, 
which  is  equal  to  eXl/mV^,  was  measured  by  observing  the 
displacement  of  the  luminosity  due  to  the  rays  at  F. 

The  effect  of  a  magnetic  force  H  acting  for  the  same 
distance  I  was  found  by  placing  the  tube  between  two 
coils  of  diameter  L  The  force  H  due  to  a  current  C  in  the 
coils  was  determined  by  the  induced  electromotive  force  in 
a  secondary  coil  obtained  by  reversing  the  current  C.  In 
this  case  the  particle  moves  with  an  acceleration  eEV/tti  for 
the  time  e/V,  and  on  emergence  from  the  field  the  direction 
of  its  motion  is  inclined  at  the  small  angle  0  to  the  original 
direction,  0  being  given  by  the  equation  ^  =  Hd/mV. 

Thus  —  =  -f^ ;  and  —  =  -^^-ri  so  that  the  values  of  e/m 
m,      HI  m,      XI  ' 

and  Y  may  be  found. 

In  the  particular  case  in  which  the  electric  and  magnetic 
forces  Xe  and  HeY  are  equal  and  opposite,  there  is  no 
deflection  of  the  rays  when  both  forces  are  acting  and 
Y=XIE, 

The  mean  value  of  the  ratio  e/m  for  air,  hydrogen,  and 
carbonic  acid  obtained  by  this  method  was  7-7  x  10". 

In  the  second  method  used  by  Thomson  the  velocity  of 
the  raya  was  estimated  by  finding  the  heat  T  generated 
when  the  rays  fell  on  a  thermo-electric  couple  formed  by 
the  junction  of  two  metals.  The  thermo-electric  couple  was 
set  up  inside  a  small  insulated  cylinder,  and  the  temperature 
to  which  it  was  raised  was  measured  by  the  deflection  of 
a  galvanometer  which  was  connected  to  the  couple  by 
a  pair  of  insulated  wires.  The  small  cylinder  was  surrounded 
by  a  larger  metal  cylinder  connected  to  earth  and  the  rays 
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entered  through  small  apertnres  in  the  ends  of  the  cylinders 
facing  the  cathode.  The  charge  Q  received  by  the  inner 
cylinder  in  a  given  time  is  Ne,  where  N  is  the  number  of 
electrons  that  enter,  and  the  kinetic  energy  T=^mN'V^ 
-was  measured  by  the  rise  of  temperature  of  the  thermo- 
j  unction,  assuming  that  the  greater  part  of  the  energy  is 
converted  into  heat. 

^^""^  m  =  Tr" 

Combining  this  equation  with  the  relation  between  e/m 
and  V  given  by  the  magnetic  deflection,  Thoms^zC'found 
the  number  1-17  x  10^  as  the  value  of  c/m  for  cjitKode  rays. 


ultra-violet  light,  and  for  tbe  negatively  dharged  particles 
emitted  by  inoandeaeent  aoUda.  The  earlier  investigations 
of  the  negatively  charged  particles  obtained  by  different 
methods  in  gases  at  very  low  pressures  show  that  the 
ratio  e/m  was  probably  exactly  the  same  in  all  cases. 
Lenard,*  who  used  a  method  similar  in  principle  to  that 
used  by  Kaufmann,  determined  the  ratio  of  the  charge  to 
the  mass  of  a  particle  set  free  by  the  action  of  ultra-violet 
light  from  a  metal  surface  and  obtained  the  number 
I-I5X  10^ 

Thomson  t  ^^  examined  these  particles  by  a  special 
method  which  ie  applicable  to  cases  in  which  the  particles 
start  with  a  small  velocity  from  a  negatively  charged 
surfiice. 

The  particles  move  nnder  an  electric  force,  Z,  between 
two  parallel-plate  electrodes  at  a  distance  S  apart,  and  a 
magnetic  force  F  parallel  to  the  fucis  of  x  is  also  established 
in  the  space  between  the  electrodes.  When  negatively 
electrified  particles  are  set  free  by  the  action  of  light  &om 
the  surface  of  the  negative  electrode,  they  begin  to  move 
normally  to  the  surface  in  the  z  direction.  As  their  velocity 
increases  they  become  deflected  by  the  magnetic  force  and 

*  P.  Lenard,  SitzonnbetichU  Akad.  Wien,  108,  Abt.  U;  p.  1649, 
Ocl.  1899. 
t  J.  J.  Thornton,  Phil.  Mag.  (5)  48,  p.  547,  Dec.  1899. 
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the  trajectories  of  the  particles  are  cycloids  in  planes  normdl 
to  the  axis  of  a~ 

Under  these  conditions  the  equations  of  motion  of  ft 
particle  are 

d*z      _      -  dy 
dt^  dt 

cPy       _  dz 

dt*  dt  I 

The  solntion  of  these  equations  may  be  expressed  in  thfc  | 
form  z 

2=  ^(1-coswi), 

y  =  y^{'^t-sia<»t), 

where  w  =  —  F, 

m, 

the  constants  being  chosen  to  satisfy  the  condition  that  thd 

particle  starts  from  rest  from  the  origin  at  the  time  t  =  0. 

The  particle  reaches  its  maximum  distance 


from  the  negative  electrode  when  c<3Btot=~l,  and  theil 
moves  back  towards  the  electrode. 

When  the  distance  S  between  the  plates  exceeds  thd 
value  2Z/F(a  the  conductivity  ceases,  since  the  negatively 
charged  particles  do  not  reach  the  positive  electrode.  If 
the  distance  S  or  the  magnetic  force  F  be  reduced  so  that 
the  product  8F  becomes  less  than  2Z/at,  the  positive 
electrode  begins  to  receive  a  charge,  and  the  value  of  e/m  is 
given  by  the  equation 

1  =1^ 
m      F'S' 

The  mean  value  of  e/m  found    in  these  experiments  ia 
7-3xl0«. 

This  method  also  gave  rather  a  low  value  8-7  x  10*  of  e/m 
for  the  ions  set  free  from  an  incandescent  carbon  filament 
in  hydrogen  at  a  very  small  pressure. 


jOOglf 
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818.  Aoourate  dsterminatioiu  of  tbe  Tftlns  of  e/W  for 
Oleotrons  obtained  under  varionM  oonditiona.  Many  careful 
IhyestigationB  have  recently  been  made  of  the  ratio  e/m,  and 
tlie  results  are  in  good  agreement  with  the  value  1*77  x  10^ 
Originally  found  by  Kanfmann  for  cathode  raya.  The 
ibllowing  are  sotpe  of  the  recent  detenuinations,  e  being 
Azpressed  in  electromagnetic  nnits  : 

Slowly  moving  Becqnerel  rays,  fay  magnetic  and  electro- 
static deflection. 

■  Kanfmann  1-884x10';  *  Buoherer  1-763x10';  "  Nea- 
thann  1-766  xlO^ 


Cathode  rays. 

^  Beatelmeyer  l■7^xlO^  by  magnetic  and  electrostatic 
deflection. 

*  Malassez  1-769  x  10', by  magnetic  deflection  and  potential 
difference  between  electrodes. 


Cathode  rays  from  glowing  oxides,  by  magnetic  deflection 
And  potential  difference  between  electrodes. 

'  Classen  1-776  x  10';  a  Bestelmeyer  1-766  x  10'. 


Photo-electric  effect  by  magnetic  deflection  and  potential 
difference  between  the  electrodes, 
i"  Alberti  1-766x10'  and  1-766x10'. 

Zeeman  effect. 

'  Weiss  &  Cotton  1-767x10';  »  Stettenheimer  1-791x10'; 
'Gmelin  1-771x10'. 

»  W.  KaufmanD,  Ann.  der  Phys.  (4)  19,  p.  4fi7, 1906. 
<>  A.  E.  Bacberer,  Ann.  der  Phji.  (4)  28,  p.  513,  1909. 
<  See  CI.  Scbaefer,  Verh.  d.  D.  Pfaya.  Oea.  16,  p.  935,  1913. 
d  A.  BesteLmejer.  Ann.  der  Ph;B.  (4)  22,  p.  429,  1907. 

•  J.  UalaswE,  Ann.  de  Cbim.  et  de  Phj*.  (8)  23,  pp.  231  and  Sd7, 1911. 
t  J.  Clouen,  Pbys.  ZeitBcbr.  9,  p.  762,  1908. 

s  A.  Bestelmeyer,  Ann.  der  PbTB.  (4)  86.  p.  909,  I91I. 
i>  K.  Alberti,  Ann,  der  Phyi.  |4)  88,  p.  1133,  1912. 

•  P.  WeiM  and  A.  Cotton,  Journal  de  Pbyetque  (4)  6,  p.  429,  1907. 
"  A.  Stettenheimer,  DinerUtion  Tabingen,  1907. 

>  P.  Gmelin,  Ann.  der  Vbj*.  (4)  28,  p.  1079,  1909. 
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The  charge  of  the  negative  ions  obtained  in  high  vacua 
has  usually  been  assumed  to  be  the  same  as  the  charge  on 
a  univalent  ion  in  a  liquid  electrolyte. 

This  result  has  been  found  experimentally,  by  the  methods 
described  in  Chapter  V,  for  ions  set  free  by  ultra-violet  light 
and  also  for  negative  ions  generated  by  various  other  pro- 
cesses. The  methods  are  only  applicable  to  cases  in  which 
the  ions  diffuse  in  gaaes  at  comparatively  high  pressures,  but 
since  the  charge  is  not  affected  by  the  pressure,  there  is 
good  reason  to  believe  that  the  charge  on  an  ion  is  the  same 
at  all  pressures,  down  to  the  very  lowest. 

The  large  value  of  e/m,  obtained  for  negative  ions  in  high 
vacua  must  therefore  be  attributed  to  the  smalluess  of  m, 
which  is  less  than  the  mass  of  an  atom  of  hydrogen  in  the 
proportion  1  :  1830. 

Thus  the  atoms  of  negative  electricity,  or  the  electrons 
obtained  by  ionizing  molecules,  have  the  same  charge  and 
the  same  small  mass  whatever  be  the  nature  of  the  molecule 
iirom  which  the  electron  is  derived,  or  the  process  employed 
to  ionize  the  molecule. 

819.  ValusB  of  e/m  when  the  vslooi^  of  the  electron 
approaohes  the  velooitjr  of  light.  When  the  velocity  of  the 
electrons  is  small  compared  with  the  velocity  of  light  the 
value  of  e/m  as  found  experimentally  is  constant  Some  of 
the  ^  paxticles  emitted  by  radio-active  enbatances  move  ' 
with  velocities  much  greater  than  the  cathode  rays,  and 
Kaufmann  found  by  accurate  experiments  that  the  effective 
mass  increases  with  the  velocity.  Thus  the  number  1-77x1 0' 
applies  to  cases  in  which  v  is  small  compared  with  the 
velocity  of  light  (3  x  10"*  cm.  per  second),  bat  the  ratio  «/m 
diminishes  from  the  small-velocity  value  to  1-31  x  10^  when 
the  velocity  is  2-36  x  10",  and  to  -63  X  10''  when  the  velocity 
is  2-83x10"'. 

These  investigations  have  an  important  bearing  on 
electromagnetic  theory.  When  an  electric  charge  is  in 
motion  there  is  a  certain  amount  of  electromagnetic  energy 
resident  in  the  surrounding  field,  and  the  charge  when    ' 
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accelerated  exhibits  the  phenomena  of  inertia  even  when 
supposed  devoid  of  ordinary  or  Newtonian  mass. 

For  slow  speeds  the  electromagnetic  mass  m^  of  an  electron 
is  constant,  being  of  the  order  e^/a  where  e  is  the  charge  in 
electromagnetic  units,  and  a  the  radins  of  the  electron ;  bat 
when  the  velocity  approaches  that  of  light  the  mass  increases. 

For  accelerations  ia  the  direction  of  motion  the  chai^ge 
behaves  as  though  it  had  a  mass  mg  (longitudinal  electro- 
magnetic mass),  while  for  accelerations  at  right  angles  to 
the  direction  of  motion  it  appears  to  have  a  different 
mass  m^  (transverse  electromagnetic  mass). 

According  to  the  theoretical  investigations  given  by 
Abraham  and  Lorentz  the  longitudinal  mass  is  greater  than 
the  transverse  mass.  Of  these  Abraham's  theory  considers 
the  electron  as  rigid,  and  Lorentz's  theory,  for  a  special 
reason,  considers  it  as  contracting  in  the  direction  of 
motion.* 

Lorentjs's  theory  leads  to  the  following  formulae  for  m| 
and  m,  in  terms  of  the  velocity  v  of  the  particle : 


"^t  =  /i_.,2/„..t=     ™'  = 


both  masses  being  equal  to  m^  when  v  is  small  compared 
with  c,  the  velocity  of  light. 

Kanfmann's  original  determinations  of  the  transverse 
electroma^etio  mass  and  the  recent  experiments  of 
Bncherer  f  with  ^  rays  and  those  of  Hupka  X  on  fast 
cathode  rays  are  in  agreement  with  this  theory. 

The  experiments  therefore  support  the  view  that  the 
mass  of  an  electron  is  entirely  electromagnetic. 

820.  The  Eanalstrahlen  or  positive  rays.  The  Kanal- 
strahlen  or  positive  rays  were  discovered  by  Goldstein.^ 

'  See 'IODi,£lectn>ii8,CorpaKtileB',ToL  i;  and H.  Abraham, Theorie 
der  Elektrizitat,  vol.  ii. 

t  A.  H.  Bucfaerer.  Ann.  der  Phys.  (4)  38,  p.  513,  1909.  (Bncherer'a 
experiment*  have  been  repeated  and  eitended  br  0,  Neumann.  See 
CL  Schaefer,  Verb.  d.  D.  PhjB.  Ges.  16,  p.  985,  1913.) 

X  E.  Hupka,  Ann.  der  Phyi.  (4)  31,  p.  169, 1910. 

\  E.  Goldatein, '  lom,  Electrona,  CorpuBcnlei,'  i.  248. 
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who  studied  the  latuinonB  appearance  presented  by  difierent 
layers  of  the  gas  in  the  neighbourhood  of  the  cathode  in 
a  Geissler  discharge. 

The  space  between  the  bright  negative  glow  and  the 
cathode,  which  is  usually  known  as  the  Crookes  dark  space, 
has  a  slight  bluish  appearance,  and  immediately  in  contact 
'\nth  the  cathode  there  is  a  narrow  layer  of  gas  that  glows 
brightly.*  The  colour  of  the  glow  depends  on  the  gas :  in 
nitrogen  or  air  it  is  yellow ;  in  hydrogen  it  is  pink,  or  rose 
coloured. 

With  a  plane  disc  as  cathode,  slightly  smaller  in  diameter 
than  the  glass  tube,  the  yellow  glow  is  very  narrow  and 
corers  the  whole  surface  when  the  air  is  at  a  certain 
pressure,  but  as  the  pressure  is  reduced  the  glow  recedes  from 
the  edges  and  becomes  thicker  over  an  area  near  the  centre 
of  the  cathode.  At  low  pressures  the  glow  may  extend  to 
a  distance  of  2  centimetres  from  the  surface  of  the  electrode. 

Goldstein  found  that  if  holes  are  bored  in  the  cathode 
a  similar  yellow  glow  extends  from  each  aperture  into  the 
space  at  the  back  of  the  cathode,  the  light  being  distributed 
in  straight  narrow  columns  which  are  slightly  divergent. 
At  low  pressures,  when  the  yellow  glow  in  front  of  the 
cathode  is  concentrated  towards  the  centre,  the  rays  at  the 
■  back  of  the  cathode  proceed  only  from  those  apertures 
which  are  near  the  centre  and  are  covered  by  the  yellow 
glow  in  front  Also,  the  rays  are  not  obtained  through 
a  thick  plate  when  the  holes  are  not  perpendicular  to  the 
surface,  since  particles  moving  normally  to  the  surface 
cannot  pass  through  without  colliding  with  the  metal. 

The  luminous  effects  produced  by  the  positive  rays  differ 
from  those  obtained  in  the  negative  glow  and  the  positive 
cohimn ;  and  both  of  these,  as  Pellat  has  shown,  are  due  to 
collisions  between  the  electrons  and  the  molecules  of  the 
gas.  The  colour  depends  on  the  velocity  with  which  the 
electrons  collide  with  the  molecules.  In  the  negative  glow 
the  velocity  ia  very  high,  and  the  intensity  of  the  violet 
rays  in  the  spectrum  of  the  gas  is  relatively  high.  In  the 
*  See  Section  270. 

L  I-™ ..Google  I 
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positive  colTtmn  the  electrons  move  comparatively  slowly, 
and  the  relative  intensity  of  the  orange  and  yellow  rays 
increases,  so  that  the  positive  colamn  and  the  negative  glow 
appear  to  be  of  different  coloors.* 

S21.  Cliarge  oanied  by  the  rays.  Many  researches  have 
been  made  to  discover  the  nature  and  properties  of  the 
Kanalatrahlen,  and  it  has  been  found  that  the  phenomena 
may  be  explained  on  the  hypothesis  that  the  positive  ions 
in  a  discharge  tube  approach  the  cathode  with  a  high 
Telocity,  and  when  they  arrive  at  an  aperture  in  the  cathode 
they  pass  through  into  the  space  at  the  back  of  the  cathode. 

Penrin  f  showed  that  the  rays  which  traverse  an  aperture  i 
in  the  cathode  are  positively  charged.  With  the  same 
apparatus  (figure  67)  which  was  used  to  investigate  the 
charge  on  the  cathode  rays,  it  was  found  that  when 
the  cylinder  EFQH  acted  as  the  negative  electrode,  the 
inner  cylinder  A  BCD  became  positively  charged  when 
a  discharge  passes  through  the  tube.  The  positive  charge 
is  small,  but  may  be  detected  with  an  electrometer  when 
the  tube  is  not  highly  exhausted.  As  the  pressure  is  reduced, 
the  charge  increases  and  may  be  observed  with  an  electro- 
scope connected  to  the  inner  cylinder.  It  was  found  possible 
to  deflect  the  rays  by  a  magnet,  so  that  the  inner  cylinder 
did  not  receive  a  positive  charge. 

The  first  determinations  of  e/ni  for  the  positive  rays  were 
made  by  Wien  X  Irom  observations  of  the  defiections  pro- 
duced by  magnetic  and  electrostatic  forces.  In  order  to 
obtain  a  measurable  deflection,  a  very  large  magnetic  force 
is  required,  and  it  is  neoessaiy  to  limit  the  magnetic  field 
so  as  not  to  disturb  the  discharge  in  the  tube  in  which  the 
rays  are  generated. 

The  results  of  the  first  experiments  gave  the  velocity 
3-ex  10^  centimetres  per  second  and  the  ratio  of  the  charge 
to  the  mass  of  the  particle  3-2  x  lO"*.  If  the  charge  is 
the  atomic  charge,  this  number  shows  that  the  mass  is 

*  H.  Pellat,  '  loDB,  Electrons,  Corpnacnlei,'  toL  ii,  p.  447. 
t  J.  Perrin,  Comptea  rendna,  131,  p.  1130,  Dec.  1695. 
$  W.  Wien,  Wied.  Ann.  66,  p.  440,  1898. 
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approximately  the  same  as  that  of  a  molecule  of  oxygen  or 
nitrogen. 

The  phenomena,  however,  are  not  ao  aimple  as  this  result 
appears  to  indicate.  A  beam  of  positive  rays  contains 
particles  moving  with  a  high  velocity,  some  of  which  are 
charged  and  some  ancharged.  It  is  therefore  a  moch  more 
complicated  system  than  a  beam  of  cathode  rays  in  which 
each  particle  has  the  same  charge  for  the  whole  length  of 
its  trajectory.  With  the  positive  rays  the  deflections  of 
different  particles  produced  either  by  electric  or  magnetic 
fields  are  not  the  same,  bat  vary  from  zero  to  a  maximum 
value.  This  is  shown  by  the  fact  that  a  narrow  beam  pro- 
ducing a  small  spot  of  light  on  a  fluorescent  screen  is  in 
general  spread  out  under  the  action  of  a  transverse  force, 
and  produces  a  bright  line  which  originates  irom  the  point 
of  the  screen  on  which  the  undeflected  rays  impinged. 

822.  Wien's  determinationfl  of  e/m  for  difi^rent  gasoB. 

In  a  subsequent  investigation,  made  by  Wien,*  the  deflec- 
tions produced  in  an  electric  and  magnetic  field  were 
measured  by  an  apparatus  which  is  shown  in  figure  73. 
The  tube  A  in  which  the  rays  were  generated  was  cemented 
to  an  iron  plate  K,  which  acted  as  the  cathode,  and  the  rays 
passed  through  a  hole  2  millimetres  wide  into  the  vessel  B, 
where  the  effects  of  the  transverse  electric  and  magnetic 
forces  were  observed.  The  vessel  B  was  placed  between 
the  poles  If  and  S  of  an  electro-magnet,  and  the  discharge 
tube  A  was  screened  irom  magnetic  forces  by  the  plate  K 
and  an  iron  cylinder  C.  The  rays  passed  between  two 
aluminium  electrodes  a  a  at  about  6  millimetres  apart  and 
6  centimetres  long,  the  ends  of  the  electrodes  being  5  centi-  i 
metres  from  the  glass  plate  P  that  closed  the  wide  end  of 
the  vessel 

The  electric  force  X  obtained  by  connecting  the  two 
electrodes  a  a  to  the  terminals  of  a  battery  of  cells  was  in  the 
same  direction  as  the  magnetic  force  M.  The  deflections 
due  to  these  forces  were  at  right  angles  to  each  other  and 

•  W.  Wien,  Ann.  der  Phye.  (4)  8,  p.  Hi,  1902. 
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were  measared  by  the  displacements  of  the  flaorescence 
produced  on  the  plate  P,  in  the  two  directions  parallel  and 
perpendicular  to  the  force  X,* 

In  traversing  the  distance  2,  between  the  electrodes  a  a, 

and  acquire  the  velocity  —  •  i^  ™  ^^^  direction  of  the 


Figure  73. 

electric  force.    The  displacement  x  of  the  fluorescence  on 
the  plate  P  is 

,Xe    L*  +  2LL 

l^  being  the  distance  of  the  ends  of  the  electrodes  a  a  Jrom 
the  plate. 

*  This  arrangement  of  the  magnetic  and  electric  forces  had  previoailj 
been  nted  b;  Eaafmann  to  inveitigate  the  valaea  of  e/m  for  the 
B  particlei  from  radium,  which  travel  with  high  velocities  approaching 
that  of  light    See  Section  819. 
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The  displacement  y  due  to  the  magnetic  force  B  ie 

'  r' 


--i'. 


I  being  the  distazLoe  the  particles  travel  tinder  the  action  of 
the  force,  which  in  this  case  is  (l^+l^- 

The  velocity  V  of  the  particles  is  therefore  given  by  th« 
ratio  of  the  two  deflections 

y     H  l^V  I 


x~  X      V  +  2ii/»  ' 

Henoe  if  the  velocities  of  the  different  particles  are  the 
same,  the  points  at  which  they  impinge  on  the  plate  are  in 
a  straight  line. 

The  ratio  e/m  is  given  by  the  equation 

m~  X      H'  I* 

Hence  if  the  rays  consist  of  a  system  of  particles  travelling 
with  different  velocities,  the  curves  traced  out  by  the  particles 
on  the  plate  will  be  a  parabola  if  the  ratio  e/m  is  constant. 

Different  values  were  obtained  for  the  ratio  e/m  aa  given 
by  the  above  formula.     The  highest  was  of  the  order  10*, 
which  corresponds  to  the  case  in  which  m  is  an  atom  of 
hydrogen.    When  the  tube  was  exhausted  after  having  been 
filled  with  air  or  oxygen,  a  small  proportion  of  the  rays 
were  deflected  through  comparatively  large  distances,  corre- 
sponding to  the  value  of  e/m  =  10*.    This  effect  becomes 
very  feeble  when  special  precautions  are  taken  to  remove 
'  hydrogen  or  water  vapour  from  the  gas.    The  presence  of  i 
these  rays  is  most    probably  due    to    small  residues  of  j 
hydrogen  or  water  vapour  given  out  from  the  electrodes  or  | 
the  sur&ce  of  the  glass. 

S28.  Wien's  inveetigationB  of  tlie  general  propertiw  of 
positive  rays.  Villard,*  from  his  early  experiments,  con- 
cluded that  the  positive  ions  become  discharged  as  they 
move  through  the  gas,  as  he  found  that  the  rays  are  deflected 

*  VilUrd,  Journal  de  Phyuque  (8)  8,  pp.  5  tmd  140, 1899. 
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>y  an  electric  force  as  they  approach  the  cathode,  but  after 
)hey  have  traversed  the  cathode  and  moved  for  sotae 
iistance  throogh  the  gas  they  are  not  affected  by  an  electric 
Force.  Theae  phenomena  have  been  investigated  more 
completely  by  Wien,  who  has  shown  that  a  large  proportion 
of  the  particles  in  a  beam  of  rays  may  be  uncharged,  bnt 
there  is  always  a  certain  proportion  of  charged  particles 
which  are  deflected  either  by  an  electric  or  a  magnetic 
force. 

Hence  the  numbers  obtained  for  e/m  correspond  to  the 
average  values  of  the  charge  of  the  particle  while  it  is 
nnder  the  action  of  the  transverse  forces.  The  maximum 
deflections  are  obtained  when  a  particle  remains  charged  for 
the  whole  length  of  the  field  in  which  the  transverse  forces 
are  acting.  The  ondeflected  particles  are  those  which  lose 
their  charge  before  they  enter  the  fleld  and  do  not  acquire 
a  charge  in  their  passage  through  the  gas.  Thus  any 
deflection  may  be  obtained  varying  from  zero  to  the 
maximum. 

A  small  proportion  of  the  particles  are  deflected  as  if  they 
were  negatively  charged  atoms  or  molecules,  the  ratio  of 
the  charge  to  the  mass  being  small,  as  in  the  case  of  the 
positive  raya. 

The  transformations  that  occur  as  the  stream  of  particles 
moves  through  the  gas  were  determined  from  experiments  * 
on  the  deflections  produced  in  a  long  wide  tube,  so  that  it 
was  possible  to  establish  strong  magnetic  fields  in  separate 
sections  of  the  tube  at  difierent  distances  from  the  cathode. 
One  form  of  apparatus  that  was  used  for  this  purpose  is 
shown  in  figure  74.  The  rays  were  generated  by  a  discharge 
in  the  tube  A  and  passed  through  the  aperture  in  the  iion 
cathode  K.  The  discharge  tube  was  connected,  by  a  capillary 
tube  C,  to  the  long  wide  tube  B  in  which  the  properties  of 
the  rays  were  investigated.  This  tube  was  provided  with 
two  iron  cathodes,  if,  and  £*, ,  which  were  connected  to  K 
and  maintained  at  zero  potential.  The  poles  JV,  and  iS,  of 
an  electro-magnet  were  placed  on  opposite  sides  of  the  tube 
*  W.  WiM,  Ann.  der  Phys.  (4)  27,  p.  1026,  1908. 
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so  as  to  produce  a  strong  magnetic  field  in  the  section 
between  K^  and  K^ ;  a  second  field  of  force  was  similarly 
produced  at  a  further  distance  from  the  cathode  by  the 
poles  N"^  and  S^.  In  some  of  the  experiments  the  lines  of 
force  in  the  first  field  were  perpendicular  to  those  in  the 
second,*  bat  for  these  investigations  the  forces  may  be 
inclined  at  any  angle  to  each  other,  provided  they  are 
normal  to  the  axis  of  the  tube.  Fart  of  the  apparatus  was 
surrounded  by  an  iron  screen  so  that  there  should  be  no  i 
magnetic  force  in  the  space  between  K  and  Ky  I 


y 
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^^re  74. 

The  rays  emerging  from  the  cathode  K  passed  through 
the  capillary  tube  C  and  the  apertures  in  K-^  and  K^  and 
were  received  in  a  cylinder  D  connected  to  a  sensitive 
galvanometer  by  which  the  positive  charge  on  the  rays  was 


324.  Sxperimeuts  on  the  passage  of  rays  throogh  two 
magnetlo  fields.  "When  the  first  magnetic  field  is  established, 
the  particles  which  are  charged  while  the  beam  of  rays 
passes  between  the  poles  If^  and  iS,  are  deflected,  and  the 
uncharged  particles  continue  their  motion  parallel  to  the 
axis  of  the  tube  and  are  received  in  the  cylinder  D.  Two 
streams  of  particles  may  thus  be  obtained,  the  original 
stream  s  and  the  stream  8,  obtained  by  removing  charged 
particles  from  s  by  the  first  magnetic  field. 

The  galvanometer  gives  a  deflection  fi  when  the  stream  8 


*  EiperimenU  on  this  principle  v 
■ee  PhiL  Hag.  Is,  p.  821,  Dec.  1909. 
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enters  the  cylinder,  and  this  is  reduced  to  3,  by  the  removal 
of  charged  particles  in  the  first  magnetic  field.  The  defec- 
tion 3;,  is  a  large  proportion  of  S,  which  shows  that  either 
the  original  stream  a  must  contain  positively  charged 
particles  that  are  not  deflected  by  a  magnet  or  some  of  the 
uncharged  particles  in  8,  acquire  positive  charges  aa  they 
move  through  the  gas. 

The  e^ect  produced  by  the  second  magnetic  field  on  the 
streams  «  and  Sj  affords  evidence  in  &vour  of  the  latter 
explanation  of  the  phenomena. 

When  the  second  magnet  is  excited,  ions  are  removed 
from  the  stream  s  and  the  deflection  8  is  reduced  to  d,.  An 
exactly  similar  effect  takes  place  with  the  stream  s^ ;  the 
deflection  6,  is  reduced  by  the  second  field  to  3,,  where 
3,2/^  =  2^/3.  Thus  the  streams  are  reduced  in  the.  same 
proportion  by  the  second  field,  so  that  on  entering  the  fields 
of  force  the  proportion  of  charged  particles  to  uncharged 
particles  is  the  same  in  the  two  cases. 

The  foUowing  table  gives  the  results  of  a  series  of 
experiments  made  on  this  principle.  The  numbers  in  the 
column  3  are  the  deflections  of  the  galvanometer  due  to 
a  beam  of  rays  entering  the  cylinder  B  when  no  magnetic 
force  is  acting,  3,  when  the  beam  is  reduced  by  the  first  field 
of  force,  8,  when  the  beam  is  reduced  by  the  second  field  of 
force,  3^  when  the  beam  is  reduced  by  both  fields. 
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In  the  experiments  with  hydrogen  the  intensity  of  the 
first  field  was  greater  than  with  air. 

The  number  of  ions  removed  by  a  magnetic  field  from  a 
beam  of  rays  depends  on  the  pressure  of  the  gas,  and  also  on 


MO^k 
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the  lengtih  of  the  section  of  the  tube  in  which  the  magnetic 
force  is  acting.  Some  of  the  uncharged  particles  entering 
the  field  become  charged  before  the;  leave  it,  bo  that  when 
the  held  extends  over  a  long  section  of  the  tube  a  large 
number  of  particles  are  deflected  from  the  beam  that 
enters  the  cylinder.  In  order  to  investigate  this  effect  it  is 
necessaiy  to  make  variations  in  the  pressure  of  the  gas  in 
the  tube  B,  but  it  is  undesirable  to  make  large  reductions 
in  the  pressure  of  ^  as  it  is  difBcult  to  obtain  discharges  at 
very  low  pressures.  Since  the  rays  will  not  traverse  thin 
sheets  of  metal  the  commonication  between  A  and  B  must 
be  open,  and  in  order  to  obtain  different  pressures  in  A  and  £ 
a  special  arrangement  of  the  apparatus  is  required.  For 
this  purpose  the  tubes  A  and  B  were  connected  through  the 
oapillaiy  tube  G  as  shown  in  the  figure.  The  vessel  G 
containing  charcoal  was  immersed  in  liquid  air,  and  the 
air  in  £  was  rapidly  absorbed  as  it  entered  throogh  the 
capillary  G.  The  pressure  in  B  was  thus  reduced  below  that 
of  A,  and,  in  order  to  maintain  a  constant  pressure  in  A, 
air  was  supplied  through  a  fine  capillaiy  tube  at  Uie  same 
rate  at  which  it  escaped  throngh  C.  It  was  thus  found  that 
the  number  of  particles  removed  by  a  given  field  of  force 
from  a  beam  of  rays  was  diminished  when  the  pressure  was 
reduced.  The  following  table  gives  the  results  of  some 
experiments  with  air  in  which  the  pressure  in  B  was  very 
low.  The  numbers  in  the  first  column  are  the  potentials 
required  to  produce  the  discharge,  and  the  other  numbers 
are  the  galvanometer  deflections  obtained  under  the 
conditions  described  above. 
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326.  Arrangement  of  the  apparatus  fin  experiments  at 
low  presBures.    The  apparatus  with  whioh  these  detennina- 
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tioDS  were  made  was  not  suitable  for  the  investigation  of 
the  phenomena  in  hydrogen  at  very  low  pressores,  since 
hydrogen  is  not  rapidly  absorbed  by  the  charcoal  in  the 
vessel  G,  Wien*  found  that  by  using  a  Gaede  pump,  instead 
of  the  charcoal  tnbe,  it  was  possible  to  obtain  a  very  high 
vaouum  in  the  vessel  S,  while  the  discharge  tube  ^  contained 
sufficient  gas  to  enable  the  discharge  to  pass,  when  potentials 
of  the  order  of  30,000  volts  were  ijsed.  The  arrangement 
of  the  apparatus  for  adjusting  the  pressures  was  somewhat 
more  oompUcated  than  that  used  in  the  first  investigation 
but  the  principle  remained  the  same. 

In  these  experiments  different  methods  were  used  to  mea- 
sure  the  intensity  of  the  beam  of  positive  rays.  A  thermo- 
couple was  fixed  at  the  end  of  the  tube  B,  and  the  rise  of 
temperature  is  proportional  to  the  number  of  particles  which 
are  undeflected  from  the  axis  of  the  tube  by  a  transverse 
force.  The  brightness  of  the  Ught  produced  by  the  rays 
was  also  measured.  It  was  found  that  the  relative  intensities 
of  any  two  beams,  as  measured  by  either  of  these  methods, 
was  the  same  as  the  ratio  of  the  positive  charges  carried 
into  a  cylinder,  as  measured  by  a  sensitive  galvanometer. 

Since  the  rise  of  temperature  of  the  thermo-couple  is 
proportional  to  the  total  number  of  charged  and  ancharged 
particles  in  the  beam,  it  follows  &om  these  experiments 
that  the  numbers  of  positively  charged  particles  in  the 
beam  is  proportional  to  the  total  number  of  particles. 
If  the  charged  particles  are  removed  by  a  magnetic 
field,  the  eqnilibrium  state  between  the  charged  and 
uncharged  particles  is  re-estabhshed  after  the  beam  traverses 
a  certain  distance  in  the  gas,  and  a  positive  charge  is  con- 
veyed by  the  rays  moving  with  a  high  velocity  along  the 
axis  of  the  tnbe. 

The  results  obtained  with  hydrogen  at  very  low  pressures 
were  similar  to  those  obtained  in  air.  The  number  of 
particles  removed  from  a  beam  by  a  magnetic  field  diminishes 
as  the  pressure  is  reduced.    Also,  a  beam  which  has  been 

*  W.  Wien,  Aim.  der  Phji.  (4)  30,  p.  349,  1909. 
I  i  'Z 
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reduced  by  a  magnetic  field  is  farther  reduced  by  a  second 
field  approximately  in  the  same  proportion  as  the  original 
beam.  In  these  experiments  the  two  sections  of  the  tube 
in  which  the  magnetic  fields  were  established  were  a  long 
distance  apart,  about  70  centimetres,  so  that  even  at  very 
low  preaaures  a  large  number  of  collisions  occur  with 
molecules  of  the  residual  gas  and  the  equilibrium  distribu- 
tion between  the  charged  and  uncharged  particles  becomes 
re-established,  after  the  former  have  been  removed  by  the 
first  field  of  force. 

sae.  Bates  at  which  partiolm  become  charged  and  dis- 
oharged.  Wien  *  has  recently  made  a  more  complete 
investigation  of  the  changes  that  take  place  between  the 
neutral  and  electrified  states  of  the  particles  in  a  stream 
of  rays.  When  all  the  charged  particles  are  removed  from 
a  beam  by  a  transverse  force  the  uncharged  particles  that 
remain  tend  to  become  charged  as  they  move  along  the  axis 
of  the  tube,  and  the  final  stage  is  reached  when  the  ratio 
of  the  numbers  of  charged  and  neutral  particles  attains 
a  definite  value.  In  general  let  n  and  n'  be  the  numbers 
of  charged  and  uncharged  particles  in  the  beam  at  any 
positiono;,  measured  along  the  axis  of  the  tube.  The  changes 
that  tend  to  occur  are  represented  by  the  equations 

dn       ,  ,  dn' 

dx      '         '  dx 

where  yn  represents  the  rate  at  which  the  charged  particles 
lose  their  charge,  and  /■»'  the  rate  at  which  the  oncharged 
particles  acquire  charges.  The  mean  distance  I  through 
which  a  charged  particle  moves  before  it  loses  its  charge 
is  l/y.  Similarly  the  mean  distance  V  that  a  neutral  par- 
ticle travels  before  it  acquires  a  charge  is  \/y'.  In  the 
equilibrium  state 

n      y        I 

•  W.  Wien,  Ann.  der  Phja.  (4)  39,  p.  519, 1912. 
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The  solntion  of  the  ahove  eqnationB  which  satisfied  the 
condition  w  =  0  when  a:  -  0  ia 

»  =  »,[!-,-<■'+'>], 

the  constants  tv,  and  TOj'  being  the  valuea  of  n  and  n'  when 
0}  is  large. 

In  order  to  teat  this  theory  ezperimentally,  and  to  find 
the  Tftlnes  of  I  and  I',  ten  pairs  of  parallel  plates  one  centi- 
metre long  and  one  milhmetre  apart  were  arranged  in  series 
along  the  axis  of  a  tube  so  that  the  rays  passed  through 
each  pair  in  succession.  The  distance  between  the  ends  of 
ea^h  consecutive  pair  of  plates  was  one  millimetre.  The 
rays  were  received  on  a  thermopile  at  the  end  of  the  tabe, 
and  the  reduction  of  the  stream,  due  to  the  removal  of  the 
charged  particles  by  an  electric  force  in  the  space  hetween 
a  pair  of  plates,  was  determined  by  the  effect  on  the  thermo- 
pile, which  was  proportional  to  the  number  of  particles 
falling  on  it.  It  was  found  that  the  reduction  of  the  stream, 
due  to  charging  one  pair  of  plates,  at  first  increased  with 
the  force  between  the  plates,  and  a  maximum  effect  was 
obtained  when  the  potential  difference  between  the  opposite 
plates  was  200  volts.  All  the  particles  which  were  changed 
when  passing  through  a  section  of  the  tube  were  thus 
removed  from  the  beam  that  fell  on  the  thermopile. 

It  was  thus  found  that  in  hydrogen  at  -006  millimetre 
pressure,  15  per  cent  of  the  total  number  of  particles  are 
charged  when  the  equilibrium  state  is  established. 

When  all  the  charged  particles  are  removed  by  the  first 
pair  of  parallel  plates  the  ratio  of  the  number  of  charged 
particles  in  the  beam  to  the  total  number,  at  distance  x 
from  the  first  pair  of  plates,  is  given  by  the  formula 

■ftj  +  Ti,'      Tij  +  n,''-  -■■ 

The  ratio  «'/t"i  +  'ni')  i^  measured  by  the  reduction  of  the 
effect  on  the  thermopile  obtained  by  charging  a  second  pair 
of  plates  at  a  distance  x  from  the  centre  of  the  first  pair. 

U.,r,l,z<»i:,.,  Google 
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The  consteuit  7  =  — ' — ;    is    the  fraction    of  the 

original  beam  that  falls  on  ihe  thermopile,  when  the  charged 
particles  are  removed  by  the  field  between  one  pair  of  plates. 
Thus  y/y',  and  y  +  y'  may  be  found  from  the  experiments, 
and  the  mean  distances  I  and  I',  which  are  the  reciprocals  of 
y  and  y',  obtained. 

The  following  examples  of  the  experiments  in  hydrogen 
at  -0058  millimetres  pressure  illustrate  the  method  of 
invoatigation.  The  numbers  in  the  first  line  indicate  the 
pair  of  plates  which  were  used  to  produce  the  second  field 
"  of  force, 

SlTfflSS  '-^    •'^    «^     •*    ""^ 

«/("i  +  V)  •t'lS        -(156         -09         -114  .120 

The  effect  on  the  thermopile  is  only  reduced  by  a  small 
amount  so  that  a  high  degree  of  accuracy  cannot  be  obtained 
in  measuring  the  number  of  charged  particles  at  different 
distances  from  the  first  pair  of  plates,  but  the  experiments 
show  that  this  number  increases  as  the  rays  move  along  the 
tube  and  is  finally  equal  to  1 5  per  cent  of  the  total. 

The  following  values  of  I  and  I'  were  obtained  from  the 
experiments : 

HYnitOQEN. 

Pressure -005!  mm. ;  '>h/i''*i+''h')  = 'IS- 

I  =  9-2  cm. ;  /'  =  52  cm. 

Pressure  -039  mm.;  ti,/(7Ij  +  «,')  =  '274. 

I  =  2-75  cm. ;  I'  =  7-3  cm. 

NlTBOOEN. 

Pressure -0013  mm. ;  'ft,/(»i  +  7i,'j  =  -134. 
1=  14  cm,;  I'  =  96  cm. 

827.  Eonigsberger  and  Eutsohewski's  experiments  on  the 
eifects  obtained  over  a  large  range  of  pressureB.  The  mean 
distances  /  aud  I'  have  also  been  determined  by  Konigs- 
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berger  and  Kutschewski,*  for  different  g&aea.  The  following 
table  gives  the  values  they  have  obtained  for  raysin  hydrogen 
at  varioa8pre8sare8^;,the  velocity  of  the  rays  being  2-4x10' 
centimetres  per  second. 


;       238  1  140 
I'      1  330 1 195 

■e 
TTT 

10  1 1-8 
l6"~55" 

2-4 
IT 

32 
~4^ 
'56" 

5-5    6-5    7-5 1  8-7 
li  ~2i^  ~U    ~21 
l4"405  3M  29^ 

11 
16 
22^ 

The  ratio  l/l'  is  greater  than  that  obtained  by  "Wien. 

If  the  charging  and  discharging  of  the  particles  were 
a  direct  effect  of  the  collisions  with  the  molecules  the 
ratio  n^/(7hj  +  ni')  =  1/(1  +  1')  would  be  independent  of  the 
pressure  and  I  and  I'  wonld  be  inversely  proportional  to  the 
pressure. 

The  numbers  in  the  above  table  show  that  1/(1  +  1')  is 
constant,  bnt  the  second  condition  indicated  by  the  theory 
is  not  satisfied. 

828.  Wien's  inveatigation  of  the  variation  of  the  velooitr 
with  the  disohoi^e  potential.  It  has  generally  been  supposed 
that  the  particles  in  a  stream  of  positive  rays  are  the  positive 
iona  generated  in  the  discharge  tube,  which  acqnire  a  high 
velocity  when  moving  under  the  electric  force  towards  the 
aperture  in  the  cathode.  Under  these  conditions  the 
velocity  would  be  less  than  that  corresponding  to  the 
discharge  potential  since  the  ions  are  not  necessarily 
generated  at  the  anode,  and  for  some  parts  of  their  paths 
before  they  reach  the  cathode  they  may  be  uncharged. 
Wien's  t  investigation  of  the  velocity  of  rays  produced 
under  different  conditions  are  in  agreement  with  this 
theory.  The  velocity  of  the  rays  was  found  to  depend  on 
the  voltage  V  of  the  discharge  tube ;  it  was  smaller  than 
the  velocity  corresponding  to  the  potential  V  and  with  the 
larger  potentials  the  velocity  was  proportional  to  •/¥. 

*  J.  KCnigaberger  and  J.  Entschewski,  Ann.  der  Phys.  (4)  37,  p.  161, 
1912. 
t  W.  Wien,  Ann.  der  Phys.  (4)  38,  p.  871,  1910. 
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This  result  was  obtained  by  finding  the  deflection  of  tiie 
rays  produced  by  a  transverBe  electric  field ;  a  detenoination 
of  e/m  being  unnecessary. 

The  velocity  v'  corresponding  to  the  voltage  V  is  given 
by  the  formula  im/"  =  2  eK 

If  an  electric  force  X  acts  on  the  rays  for  a  distance  8  in 
the  space  behind  the  cathode,  and  the  deflection  is  measured 
by  the  displacement  b  of  the  fluorescence  produced  on 
a  screen  at  a  distance  S'  from  the  electric  field,  the 
kinetic  energy  of  the  particle  while  it  moves  in  the  electric 
field  is 

mv^  _Xe(3'+2SS^ 
2    "  48 

Thus  the  ratio  of  the  velocities  v  and  i/  is  obtained. 

Wien  found  that  mv^/e  was  approximately  equal  to  V,  or 
that  the  kinetic  energy  of  the  rays  is  equal  to  that  prodnced   i 
by  the  action  of  a  potential  V/2  on  a  particle  having  a  con- 
stant charge  e.    In  these  experiments  the  dischaige  potential 
F  varied  from  30,000  to  40,000  volts. 

838.  Thomson's  investigations  of  the  properties  of  the 
rays.  The  velocity  of  the  rays  has  also  been  investigated 
by  Thomson,  who  arrived  at  difi'erent  oonolusions  aa  to  the 
nature  of  the  rays  and  the  action  by  which  the  rays  acquire 
a  high  velocity.  These  investigations*  are  remarkable 
from  the  fact  that  in  nnny  cases  the  greater  portion  of  the 
rays  appeared  to  consist  of  particles  for  which  the  value  of 
e/m  was  approximately  10*,  being  the  same  from  whatever 
gas  the  rays  were  derived.  Thus  in  a  discharge  tube  filled 
with  oxygen  there  may  be  no  appreciable  number  of  particles 
in  the  positive  rays  with  masses  equal  to  that  of  an  atom  of 
'  oxygen.  It  was  suggested  that  the  process  of  ionization, 
for  instance  ionization  by  Bdntgen  rays,  takes  place  by  the 
emission  of  neutral  doublets  with  high  velocities  from  the 
molecules  of  the  gas.  The  doublet  is  supposed  to  be  the 
same  for  all  gases  and  consists  of  a  positive  unit  and  an 

-  *  J.  J.  Thomson,  Phil.  Mag.  18,  p.  ^1,  1907;  16,  p,  657,  1908;  18, 
p.  821,  1909. 
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electron.  Some  of  the  doublets  break  up  into  their  com- 
ponenta,  which  may  subsequently  attach  themselves  to 
molecules  of  the  gas. 

Thus  at  the  start  from  the  cathode  the  canal  rays  may 
include  a  large  number  of  neutral  bodies,  if  indeed  they  do  . 
not  wholly  consist  of  them. 

The  velocity*  with  which  these  neutral  particles  are 
emitted  from  molecules  is  approximately  2  x  10'  cm.  per 
second,  which  is  the  velocity  corresponding  to  a  potential 
fall  of  20,000  volts  when  the  value  of  e/m  is  10*.  Thus  it 
appeared  that  when  the  discharge  potential  was  3,000  volts 
some  of  the  particles  moved  a^  fast  as  the  fastest  obtained 
-when  the  pressure  was  very  low  and  the  discharge  potential 
was  40,000  volts. 

From  the  results  of  these  and  subsequent  investigations 
Thomson  t  concluded  that  the  canal  rays  may  be  divided 
into  three  classes. 

1.  Rays  that  axe  undeflected  by  electric  or  magnetic 

forces. 

2.  Secondary  positive  rays  produced  by  rays  of  the  first 

type  as  they  pass  through  the  gas  and  collide  with 
the  molecules.  The  rays  of  this  type  have  a  constant 
velocity  2x10*  cm,  per  second,  whatever  may  be 
the  potential  difference  between  the  electrodes,  and 
a  constant  value  of  e/m  =  10*.  At  the  higher  pressores 
and  when  the  discharge  ttibe  is  Brntdl  these  rays 
predominate,  but  get  fainter  as  the  pressure  is  reduced 
below  a  certain  amount. 

3.  Rays  characteristic  of  the  gases  in  the  discharge  tube, 

the  velocity  depending   on  the  discharge  potential 

and  the  value  of  ^m  being  inversely  proportional  to 

the  atomic  weight  of  the  gas. 

The  first  two  types  of  rays  independent  of  the  nature  of 

the  gas  have  not  been  observed  by  other  physicists.    Wien 

found  that  the  rays  for  which  the  value  of  e/m  is  equal 

to  10*  become  fainter  and  fainter  as  the  gas  is  purified  and 

*  J.  J.  Thomson,  fhil.  Ha«.  19,  p.  424.  March  1910. 
i-  J.  J.  Thomson,  Phil.  Hag.  20,  p.  752,  Oct  1910. 
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I  traces  of  hydrogen  are  removed.  He  was  unable  to  confirm 
■  Thomson's  observations  of  rays  travelling  with  a  velocity 
'    greater  than  that  corresponding  to  the  discharge  potential 

These  concltiaiona  mnst  therefore  be  accepted  with  some 

reaerve. 

S80.  Thomson's  detemunations  of  the  ratio  a/rry.    It  has 
been  shown  (section  322)  that  when  the  rays  are  deflected 
by  an  electric  force  in  the  direction  parallel  to  the  axis  of  j- 
and  by  a  magnetic  force  in  the  direction  parallel  to  the  j 
axis  of  y  the  value  of  c/ni  is  given  by  the  formula  I 

e  _f   2X   /,*  +  2;,;^ 

m^  X     H^  L* 

or 

e  _^        X 

m.~  x'  H'L'' 

X  and  y  being  the  displacements  on  the  screen  on  which 

the   rays  impinge,  and   L  a  length   depending  on    the    . 

dimensions  of  the  apparatus.  i 

Thus    when  e/m  is  constant  psitioles  travelling  with    I 
different  velocities  impinge  on  points  of  the  screen  lying 
on  a  parabola.    Thomson  *  has  osed  this  principle  in  order 
to  detennine  the  nature  of  the  particles  of  which  the  rays    I 
are  composed. 

In  some  experiments  the  rays  were  received  on  a  photo-    i 
graphic  plate  and  the  distribution  of  the  deflected  particles    I 
was  obtained  from  measurements  of  the  bright  patches  on 
the   photograph.     In    another    series   of  experiments  the 
rays  were  received  on  a  metal  plate  having  a  narrow  slit  in    ' 
the  form  of  a  parabolic  curve  given  by  the  eqoation  j^  =  ai; 
so  that  the  rays  fall  on  the  slit  when  the  forces  X  and  // 
satisfy  the  relation 

L    £^_ 

m,        X 
The  rays  passing  throngh  the  slit  were  received  in  an 
insalated  vessel    connected    to    an  electroscope,  and  the 

■  Sir  J.  J.  ThomMUi,  Proo.  R07.  Soc.  A  89,  p.  1,  1913. 
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intensity  of  the  beam  was  measured  by  the  charge  acquired 
by  the  vessel  in  a  given  time.  When  the  beam  of  rays 
contained  a  number  of  particles  for  which  the  values  of  c/m 
were  different,  the  various  particles  were  brought  on  to  the 
slit  by  changing  the  magnetic  force,  and  the  ratio  e/m  was 
obtained  from  the  above  formula. 

The  values  thus  obtained  correspond  to  positively  charged 
afcoms  of  the  different  elementary  gases,  the  charges  being  in 
some  cases  single  and  in  other  cases  doable,  except  in 
hydrogen,  where  only  single  atomic  charges  were  observed. 
With  mercury  vapour  the  charge  on  the  atom  may  be  as 
great  as  eight  times  the  atomic  charge.  Also  singly  chatted 
molecules  of  the  gases  were  observed. 

In  some  oases  rays  were  observed  for  which  the  ratio  ej-m, 
was  one-third  of  that  corresponding  to  an  atom  of  hydrogen, 
which  seems  to  show  that  there  is  an  allotropic  form  of 
hydrogen  in  which  the  molecule  oonaists  of  three  atoms. 
These  rays  were  observed  in  the  hydrogen  evolved  from 
metals  or  metallic  salts  when  exposed  to  the  action  of 
cathode  rays, 

881.  Hammer's  determination  of  the  ratio  e/m  for  positive 
rays  in  hydrogen.  The  positive  rays  have  also  been 
investigated  by  Hammer,  on  the  principles  already  used 
by  Wiechert  to  determine  the  velocity  and  the  ratio 
e/m-  for  cathode  rays.  In  this  method  the  velocity  of 
the  rays  is  found  directly  by  comparing  the  time  in  which 
a  group  of  particles  traverse  a  given  distance  with  the 
period  of  the  oscillatory  discharge  of  a  condenser. 

A  high  degree  of  accuracy  may  be 'obtained  in  measuring 
the  velocity  of  the  positive  rays  by  this  method,  and  the 
determination  is  not  affected  by  the  charging  and  dis- 
charging of  the  particles  as  they  move  through  the  gas. 
The  value  of  e/m,  for  positive  rays  in  hydrogen  obtained 
from  the  first  experiments*  was  10,040  anda  more  accurate 
investigation  t  gave  the  number  9,776,  which  is  in  close 


*  W.  Hummer,  Phys.  Zeitechr.  12,  p.  1077, 1911. 
t  W.  Hammer,  Ann.  der  Fhjs.  (4)  48,  p.  653,  1914. 
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agreement  with  the  valae  correspondisg  to  a  hydrogen  atom 
with  a  sinecle  atomic  charge. 

^    F.rf"    ,     ,    ^. 

383.  Difloovery  of  the  D6ppler  effbot.  A  series  of  rnvesti- 
gatioQB  of  much  interest,  particularly  in  connection  with 
the  theory  of  the  emission  of  light  from  condacting  gases, 
has  been  made  on  the  spectrum  of  the  positive  rays. 
Stark  *  discovered  that  part  of  the  spectrum  of  the  rays 
exhibits  the  DSppler  efTect,  which  shows  that  some  of  the 
particles  emitting  the  light  move  with  a  high  velocity. 
The  lines  in  the  spectrum  are  displaced  towards  the  violet  ' 
when  the  positive  rays  are  observed  from  a  position  in  which 
the  rays,  move  towards  the  spectroscope,  and  the  dis- 
placement is  towards  the  red  when  the  rays  recede  from  the  ' 
spectroscope.  The  change  in  the  wave  length  of  the  light 
emitted  by  the  moving  particles  is  given  by  the  equation 

iK  =  Kv/c, 
K  b^i^g  the  wave  length  which  is  reduced  to  A  — 8  A  when 
the  particle  moves  with  a  velocity  v  towards  the  spectro- 
scope, and  c  the  velocity  ofJight. 

The  values  of  v  obtained  by  this  method  are  less  than 
those  corresponding  to  the 'discharge  potential,  hut  of  the 
same  order.  Some  lines  in  the  spectrum  are  not  displaced, 
which  shows  that  part  of  the  spectrum  is  given  out  by 
molecules  or  atoms  in  the  path  of  the  rays,  the  vibrations 
being  excited  by  the  impacts  of  the  moving  particles. 

Recently  "Wilsar  f  and  Pulcher  J  have  studied  the  effects 
obtained  when  the  positive  rays  generated  by  a  dischai^ 
through  one  gas  pass  through  another  gas.  The  two  gases 
cannot  be  kept  apart  by  having  them  in^  closed  tubes 
separated  by  a  diaphragm  since  the  rays  would  not  pass 
through  even  the  thinnest  sheet.  The  method  devised  by 
Wien  was  adopted,  in  which  the  gases  are  supplied  in  slow 
streams  to  the  discharge  tube  and  the  observation  tube,  the 
two  tubes  being  connected  by  a  co-axial   capillary  tube 

•  J.  Stork,  PhTs.  Zeitaohr.  6,  p.  892, 1905. 
■ ,Pliye  "  ■■    '     '"       ""'   ■'" 


1-  H.  WilBar.Pbrs.  Zeitachr.  12,  p.  1091, 1911. 
:  G.  8.  Falcher,  PbyB.  ZeitMhr.  18,  p.  224,  1912. 
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through  which  the  rays  pass.  The  gases  are  pumped  out 
from  the  apparatus  through  a  side  tube  in  the  centre  of  the 
capillary  by  a  Gaede  pump. 

The  spectruni  of  the  rays  in  the  observation  tube  con- 
tains lines  characteristic  of  both  gases.  The  lines  corre- 
spending  to  the  gas  in  which  the  rays  are  generated  show 
the  Dfippler  effect,  but  the  lines  corresponding  to  the  gas  in 
the  observation  tube  are  not  displaced  from  their  normal 
positions  in  the  spectrum. 
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